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Global warming is leading to large-scale coral bleaching and mass mortality, but also to 
increases in tropical storms' frequency and intensity. Storms allow fragmentation of reef-
building corals and can lead to near-shore salinity reduction which, combined with ocean 
warming, will aggravate coral distress. In order to assess the susceptibility of different coral 
species to these environmental stressors, small fragments of nine coral species of the Indo-
Pacific region were exposed to different thermal (26°C, 30°C, 32°C) and hyposaline (26°C-
33psu, 30°C-33psu, 26°C-20psu, 30°C-20psu) experimental treatments for 60 days. Several 
parameters were assessed at different levels of biological organization: at the organism level 
(total and partial mortality, and coral condition based in bleaching levels), physiological level 
(growth rate and regeneration rate of artificially inflicted lesions), and molecular level 
(superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), and lipid 
peroxidation (LPO)). Also, in order to test two different approaches to be applied in the 
monitoring of the effects of heat stress, some parameters were combined in integrated 
biomarker response indices, either in a molecular approach, approach A, using GST, CAT, 
LPO, and SOD, or in an approach that integrates the molecular, physiological and organism 
levels, approach B, using GST, CAT, LPO, SOD, partial mortality, and growth rate. Results 
indicate that Pocillopora damicornis and Stylophora pistillata were the most vulnerable at 
30°C. Psammocora contigua, Turbinaria reniformis, and Galaxea fascicularis were the most 
tolerant species at 32°C. The species P. contigua and G. fascicularis were the most tolerant to 
low salinity (26°C-20psu). The species G. fascicularis was the only one capable of surviving 
the combined effect of high temperature and low salinity (30°C-20psu). Approach B, the most 
integrative approach, was considered the most adequate for evaluating the health of reef corals 
since it better discriminated the stress suffered by the tested species. 
 












Os corais construtores de recife são fundamentais para a geomorfologia, biodiversidade, 
produtividade e complexidade estrutural dos recifes tropicais. O sucesso ecológico dos corais 
construtores de recife deve-se à sua simbiose com algas dinoflageladas unicelulares 
(zooxantelas). Como os corais depositam carbonato de cálcio e normalmente suplementam o 
seu metabolismo através da provisão de compostos fotossintéticos provenientes das 
zooxantelas, a disrupção desta associação simbiótica sob stress, denominada lixiviação, resulta 
em reduções significativas na fotossíntese das zooxantelas acompanhadas por alterações 
drásticas na fisiologia resultantes na perda dos simbiontes. As respostas dos corais à lixiviação 
podem incluir aumento da taxa respiratória, diminuição da taxa de calcificação do esqueleto e 
da capacidade de regeneração do tecido, redução da taxa de crescimento e das capacidades 
reprodutivas, degradação do tecido e consequente morte do coral, podendo levar à perda rápida 
de biodiversidade do recife afetado. Os recifes de coral estão entre os ecossistemas mais vitais 
mas também entre os mais ameaçados globalmente. Para além das pressões locais, estes 
ecossistemas estão atualmente a sofrer uma pressão sem precedentes e risco de extinção devido 
às alterações climáticas globais que têm resultado no aumento das temperaturas à superfície e 
na acidificação dos oceanos. Os ecossistemas de recife de coral, embora localizados nas águas 
marinhas mais quentes do mundo, são considerados particularmente vulneráveis ao 
aquecimento global devido ao facto de muitos organismos tropicais, incluindo os corais 
construtores de recife e espécies associadas, viverem próximos do seu limite de tolerância 
térmica máximo. O aquecimento global é a principal causa da lixiviação de corais em larga 
escala e de mortalidade em massa em comunidades de recife de coral em todo o mundo, levando 
à rápida degradação dos recifes de coral. Embora atuem à escala local, outros fatores para além 
da temperatura elevada têm sido correlacionados com a lixiviação de corais (por exemplo, 
salinidade reduzida). As técnicas mais recentes de modelação do clima global indicam que as 
condições térmicas para a lixiviação de corais estão a tornar-se mais frequentes. O contínuo 
aumento das temperaturas nos oceanos tropicais irá exacerbar a severidade e a frequência do 
stress térmico sofrido pelos recifes de coral, ameaçando a persistência de recifes dominados 
por corais ao longo dos trópicos, havendo previsões de que locais presentemente considerados 
refúgios térmicos para estas espécies poderão desaparecer a meio do século. Oceanos mais 
quentes conduzirão a tempestades tropicais mais frequentes e intensas levando a períodos cada 




de que o dano físico experienciado pelos recifes de coral irá aumentar. Além do dano físico, a 
forte precipitação que acompanha as tempestades tropicais irá baixar a salinidade em áreas 
superficiais próximas da costa. Os efeitos da salinidade reduzida podem ser exacerbados 
durante episódios de temperaturas elevadas, tornando-se importante perceber o efeito conjunto 
destas duas variáveis ambientais. Com o previsto aumento de intensidade e frequência das 
tempestades tropicais também aumentará a probabilidade de reprodução assexuada por 
fragmentação das colónias de corais construtores de recife, podendo estes fragmentos de coral 
dar origem a novas colónias nos recifes degradados e desta forma contribuir para a recuperação 
em pequena escala dos recifes afetados. No entanto, estes fragmentos também estarão sujeitos 
a pressões ambientais que potencialmente condicionarão a sua sobrevivência e crescimento. O 
primeiro nível de resposta de um organismo a uma perturbação ambiental verifica-se a nível 
molecular, passando posteriormente para níveis de organização mais elevados, até haver uma 
clara resposta do organismo como um todo. Deste modo, o estudo de parâmetros de resposta a 
diferentes níveis de organização biológica irá permitir uma análise mais completa. Diferentes 
espécies de corais construtores de recife apresentam diferente suscetibilidade ao stress térmico 
e salino, podendo levar a alterações na composição das espécies de coral após eventos de stress 
desta natureza e até mesmo à extinção local dos corais mais sensíveis. Os principais objetivos 
deste trabalho foram 1) determinar a suscetibilidade de várias espécies de corais construtores 
de recife à exposição prolongada a temperatura elevada e salinidade reduzida, e 2) testar e 
otimizar duas abordagens baseadas no uso de índices de resposta integrada de biomarcadores 
(sigla inglesa IBR – “Integrated Biomarker Response”) para avaliação da saúde dos corais 
construtores de recife face ao stress térmico, num contexto de reprodução assexuada por 
fragmentação. Desta forma, pequenos fragmentos de nove espécies de corais construtores de 
recife da região do Indo-Pacífico foram submetidos a vários tratamentos experimentais, durante 
60 dias. As espécies utilizadas apresentaram diferente morfologia da colónia: ramificada 
(Acropora tenuis, Pocillopora damicornis, Stylophora pistillata, e Psammocora contigua), 
massiva (Galaxea fascicularis), placa (Montipora capricornis (morfotipo castanho), 
Echinopora lamellosa, e Turbinaria reniformis), e incrustante (Montipora capricornis 
(morfotipo verde)), esta característica inerente às espécies está ligada à sua diferente 
suscetibilidade relativamente às variáveis ambientais em estudo. Os tratamentos térmicos 
experimentais incluíram a temperatura controlo (26°C) e as temperaturas de stress (30°C e 
32°C). Por outro lado, a experiência de efeito combinado de temperatura e salinidade incluiu 
os seguintes tratamentos experimentais: controlo (26°C-33psu), temperatura elevada (30°C-




reduzida (30°C-20psu). De modo a obter uma visão mais generalista do efeito das variáveis em 
estudo nos organismos testados, parâmetros de diferentes níveis de organização biológica foram 
estudados: nível do organismo (mortalidade total, mortalidade parcial, e condição do coral que 
inclui os vários níveis de lixiviação), nível fisiológico (taxa de crescimento, taxa de regeneração 
de lesões infligidas artificialmente no tecido dos fragmentos), e nível molecular (determinação 
de biomarcadores de stress oxidativo: peroxidação lipídica (LPO), superóxido dismutase 
(SOD), catalase (CAT), e glutationa S-transferase (GST)). Também, de modo a testar duas 
diferentes abordagens para serem aplicadas na monitorização dos efeitos do stress térmico em 
corais construtores de recife dos oceanos Indo-Pacífico, alguns parâmetros pertencentes aos 
vários níveis de organização biológica foram selecionados e combinados em IBR’s, ou na 
categoria de resposta de biomarcadores de stress oxidativo (abordagem A: GST, CAT, LPO, e 
SOD) ou na categoria de resposta integrada-performance do organismo (abordagem B: GST, 
CAT, LPO, SOD, mortalidade parcial, e taxa de crescimento). No presente trabalho observou-
se que a mortalidade aumentou com a temperatura, atingindo 100% para a maioria das espécies 
após os 60 dias de exposição a 32ºC, exceto para T. reniformis, G. fascicularis, e P. contigua. 
Estas espécies apresentaram a mortalidade parcial e lixiviação mais baixos ao longo dos 
tratamentos térmicos experimentais. Relativamente a T. reniformis e P. contigua, não foi 
observado dano oxidativo na exposição a 32ºC, embora ambas as espécies tenham apresentado 
uma aparência pálida. Galaxea fascicularis foi a única das três espécies onde fragmentos 
lixiviados e dano oxidativo foram observados, embora tenha apresentado alguns fragmentos 
com uma aparência saudável a 32ºC. A taxa de crescimento diminuiu com o aumento da 
temperatura, sendo mais elevada em espécies de morfologia ramificada, enquanto que a taxa de 
regeneração de lesões geralmente aumentou com a temperatura. Foi concluído que T. 
reniformis, G. fascicularis e P. contigua foram as espécies mais resistentes ao stress térmico. 
Relativamente aos resultados do efeito combinado de temperatura e salinidade, no tratamento 
de temperatura elevada (30°C-33psu) apenas duas espécies morreram (P. damicornis e S. 
pistillata), enquanto que no tratamento de salinidade reduzida (26°C-20psu) todas as espécies 
morreram com a exceção de duas (P. contigua e G. fascicularis) passados 60 dias. Estas duas 
últimas espécies apresentaram a mortalidade parcial mais reduzida, a melhor condição, e 
nenhuma evidência de dano oxidativo tendo-se, no entanto, verificado resposta antioxidativa. 
A mortalidade foi mais elevada a 30°C-20psu devido ao efeito combinado da elevada 
temperatura e da salinidade reduzida, atingindo 100% em oito das nove espécies de coral, com 
apenas G. fascicularis sobrevivendo a este tratamento experimental. Contudo, a mortalidade foi 




uma resposta antioxidativa, não tendo, no entanto, o dano oxidativo sido detetado. As taxas de 
crescimento diminuíram com o aumento da temperatura e a diminuição da salinidade, enquanto 
que as taxas de regeneração aumentaram com a temperatura atingindo um máximo a 30°C-
33psu e um mínimo a 20psu. Foi concluído que P. damicornis e S. pistillata foram as espécies 
mais vulneráveis ao tratamento de temperatura elevada, G. fascicularis e P. contigua foram os 
mais tolerantes ao stress hipossalino, e G. fascicularis foi a única espécie que tolerou o efeito 
combinado da temperatura elevada e da salinidade reduzida. Os resultados deste trabalho 
também indicam que o IBR pode ser um método a ser aplicado na avaliação da saúde de corais 
de recife sob stress térmico. A abordagem B, integradora da resposta molecular, fisiológica e 
do organismo, foi considerada a mais adequada uma vez que refletiu melhor o stress diferencial 
sofrido pelas espécies testadas, enquanto que a abordagem A, integradora apenas de 
biomarcadores moleculares, não foi suficiente para discriminar a resposta da maioria das 
espécies testadas. Assim, a integração da resposta de parâmetros de diferentes níveis de 
organização será a abordagem mais adequada para a avaliação de qualidade ambiental. 
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1.1. Coral reef ecosystems 
 
Coral reefs are ecologically and economically important ecosystems found across the world’s 
tropical and sub-tropical oceans (Moberg and Folke, 1999; Wild et al., 2011). These 
ecosystems function as important spawning, nursery, breeding and feeding areas for a 
multitude of organisms, being among the most productive and biologically diverse marine 
ecosystems on Earth (e.g. Connell, 1978; Hughes et al., 2017a). Despite covering less than 
0.1% of the ocean floor, reefs host 35% of all species living in the oceans (Ormond and Roberts, 
1997; Spalding et al., 2001; Knowlton et al., 2010), with approximately 95,000 described coral 
reef species (Reaka-Kudla, 2005). Being one of the habitats most rich in species of the world, 
these ecosystems are important in preserving a vast biological diversity and genetic archive for 
future generations (Moberg and Folke, 1999). The remarkably high habitat heterogeneity of 
reef systems created by the complex three-dimensional structure enables niche diversification, 
making possible the evolution of new species (Birkeland, 1997; Paulay, 1997). Coral reefs’ 
complex three-dimensional structure also dissipates wave energy to protect coastlines from 
storms, flooding, and erosion (Heron et al., 2017; Harris et al., 2018). In terms of economic 
benefits, coral reefs supply many millions of people with goods and services such as seafood 
(e.g. fish, mussels, crustaceans, sea cucumbers, and seaweeds, Craik et al., 1990; Birkeland, 
1997), recreational possibilities, coastal protection, as well as aesthetic and cultural benefits 
(e.g. Cesar, 1996; Done et al., 1996; Peterson and Lubchenco, 1997; Hughes et al., 2017a), 
with an estimated value of over USD $1 trillion globally (Costanza et al., 2014; Hoegh-
Guldberg, 2015). 
 
1.1.1. Reef-building corals and zooxanthellae symbiosis 
 
Corals, like jellyfishes, hydras, and sea anemones, belong to the phylum Cnidaria. Corals begin 
life as ciliated planular larvae, which, after a period of growth, attach to a suitable substrate 
and remain sessile for the rest of their adult lives (Harrison and Wallace, 1990). Once attached, 
corals are called polyps, and can reproduce by asexual budding to form colonies. Corals can 
be divided into the broad categories of soft corals (e.g. sea fans and sea whips, Order 
Alcyonacea), and hard corals (Order Scleractinia), which lay down a calcium carbonate 
skeleton and are capable of building reefs (Meehan and Ostrander, 1997). Scleractinian corals 
are fundamental to the geomorphology, biodiversity, productivity, and structural complexity 




Kench, 2007; Pratchett et al., 2008). The ecological success of shallow-water reef-building 
corals throughout tropical oligotrophic waters relies on the symbiosis between the coral animal 
and its unicellular dinoflagellate algae (zooxanthellae, family Symbiodiniaceae [LaJeunesse et 
al., 2018]; Hoegh-Guldberg et al., 2007a). Zooxanthellae live inside membrane-bound 
vacuoles (symbiosomes) within gastrodermal cells of the coral host in extremely high densities 
(106 cm-2) (Wakefield and Kempf, 2001; Wooldridge, 2014) and selectively transfer up to 90% 
of their photosynthetic products (mycosporine-like amino acids, glycerol, glucose or lipids; 
Wang and Douglas, 1999; Shick and Dunlap, 2002; Kopp et al., 2015) across the host-symbiont 
barrier (Muscatine, 1990; Hoegh-Guldberg, 1999; Stanley, 2006) with the remaining 
percentage of photosynthetic products being used for the respiration and growth of 
zooxanthellae (Edmunds and Davies, 1986). Zooxanthellae also cover 30% of the host’s 
nitrogen requirements for growth, reproduction and maintenance from dissolved nutrient 
uptake (Bythell, 1990). It is a crucial energy source in an otherwise clear and nutrient-poor 
tropical waters that powers the metabolically costly process of calcification, allowing corals to 
deposit huge amounts of calcium carbonate (Muscatine, 1990; Hoegh-Guldberg, 1999; Hart 
and Kench, 2007; Ganot et al., 2011) within the warm and sunlit subtropical and tropical 
waters. Furthermore, during photosynthesis, algae produce large amounts of molecular oxygen 
for the respiration of corals (Solayan, 2016). In return, the coral host ensures protection to the 
symbiont and provides a source of nutrients from its waste metabolism (carbon dioxide, 
ammonia, sulfates, and phosphates) essential for photosynthesis (Yellowlees et al., 2008; 
Shinzato et al., 2011; Davy et al., 2012). This symbiotic relationship is of extreme importance 
to the overall reef community. Reef-building corals provide habitat, shelter and food to many 
phyla of reef organisms (Jones et al., 2004; Cole et al., 2008; Rotjan and Lewis, 2008; 
Dubinsky and Stambler, 2010; Gibson et al., 2011), as well as mediate biological interactions 
among coral associated organisms (e.g., competition, Munday, 2001, Holbrook and Schmitt, 
2002; predation, Coker et al., 2009), thus promoting coexistence of many species. However, 
due to this distinct symbiosis, stony corals are more sensitive to changes in the marine 
environment, and display systemic responses to environmental stress (Parkinson and Baums, 
2014). Since the ability of reef-building corals to build reefs is dependent upon the presence of 
zooxanthellae (Muscatine and Weis, 1992; Berkelmans and Van Oppen, 2006), the disruption 
of this symbiotic association under stress, i.e. bleaching, can cause rapid loss of reef 
biodiversity (Glynn, 1993; Brown, 1997a; Hoegh-Guldberg, 1999; Hughes et al., 2003; Hoegh-
Guldberg et al., 2007a) and general lowering of the skeletal calcification rate in the affected 




1.1.2. Factors influencing coral reefs’ community structure and development 
 
Major factors influencing coral reefs’ community structure and development are: (1) coral 
reproductive strategies; (2) colony growth rates; (3) competitive dominance relationships; (4) 
predation; and (5) physical disturbance, such as storms (Maguire and Porter, 1977). 
 
1.1.2.1. Coral reproductive strategies  
 
Most reef-building corals reproduce both sexually and asexually (Wallace, 1985; Richmond 
and Hunter, 1990). Sexual reproduction is achieved by either free spawning eggs and sperm, 
or internally brooding larvae inside the coral polyp (Harrison, 2011). The resulting planula 
larvae then disperse, settle, and metamorphose to form a new coral polyp. Asexual 
reproduction is achieved by budding of individual coral polyps (Jackson, 1977) and vegetative 
fragmentation (Tunnicliffe, 1981; Highsmith, 1982; Lirman, 2000). While sexually produced 
larvae may establish highly dispersed and genetically diverse populations, asexual recruitment 
through fragmentation or fission may allow rapid expansion of a population locally and enable 
the propagation of well-adapted genotypes within an area (Miller and Ayre, 2004; Baums et 
al., 2006), or assist in the colonization of habitats unfavorable for larval settlement (Heyward 
and Collins, 1985). The balance between sexual and asexual reproduction within a species can 
be influenced by both biotic and abiotic factors. In marine environments, disturbance events 
(e.g. ENSO events, global warming, tropical storms, Baums et al., 2006) can dramatically alter 
the contribution of asexual reproduction to recruitment (Henry and Kenchington, 2004; Le 
Goff-Vitry et al., 2004) and affect the genotypic diversity of a species (Hunter, 1993). 
 
1.1.2.2. Colony growth rates 
 
Reef-building corals present a wide range of life-history strategies according with species traits 
(Darling et al., 2012). These life-history strategies include a) “competitive” fast-growing 
branching and plating species; b) “weedy” corals which are small and brood their larvae; c) 
“stress-tolerant” slow-growing, long-lived massive, sub-massive and encrusting species, and 
d) “generalist” species that display characteristics of the other three strategies (Darling et al., 
2012). Competitive corals such as branching corals of both genus Acropora and the family 
Pocilloporidae dominate many Indo-Pacific reef communities in terms of substrate cover and 




corals channel resources into growth for space monopolization and reproduction rather than 
for maintenance of colony integrity (Wallace, 1999), being the major contributors to reef-
building species richness and biomass (Aronson et al., 2002; Bellwood et al., 2004), provision 
of food (Pratchett, 2010), and shelter for reef dwellers (Munday, 2004; Wilson et al., 2008; 
Alvarez-Filip et al., 2009; Bonin, 2012). Published linear growth rates for Acropora and 
Pocillopora are 2.09-18.5 cm a year and 1.22-4.50 cm a year, respectively (Harriott, 1999). On 
the other hand, stress-tolerant corals are the long-lived and slow-growing persistent corals such 
as massive faviids and poritids with published linear growth rates of 0.17–1.60 cm a year and 
0.13–2.21 cm a year, respectively (Babcock, 1991; Harriott, 1999; Lough et al., 1999), which 
allocate considerable energy towards colony maintenance (Wallace, 1999).  
 
1.1.2.3. Competitive dominance relationships 
 
Competition has been established as a major structuring force on coral reefs (Chadwick and 
Morrow, 2011), it alters demographic patterns on coral reefs in terms of population growth, 
decline, and turnover rates. Competition among sessile organisms is a major process on coral 
reefs (Done, 1992; Bak et al., 1996; Griffith, 1997; Hughes et al., 2007). Macroalgae, soft 
corals, ascidians, and corallimorpharians are major competitors with scleractinian corals on 
tropical reefs (Chadwick and Morrow, 2011). Reef-building corals can be overgrown and 
smothered by both soft corals (Alino et al., 1992) and corallimorpharians (Chadwick, 1991), 
whereas the mechanisms employed by macroalgae to compete with corals include diverse 
physical and chemical processes that impact all stages of the coral life cycle (Titlyanov et al., 
2007). The effectiveness of competitive mechanisms in sessile organisms depends on 
environmental factors, especially levels of nutrients and seawater temperature, which alter their 
growth rates relative to scleractinian corals (Chadwick and Morrow, 2011). Intraspecific 
competition among stony corals is also very common on tropical reefs, it can be either direct 
(involving contact and aggression between adjacent colonies; Dai, 1990), or indirect. 
Interactions between colonies are mediated by the water column, whereas indirect competition 
mechanisms include allelopathy and overtopping (Baird and Hughes, 2000). Studies have 
revealed alteration of species diversity on reefs, and in some cases, decreased diversity, due to 
competitive interactions mainly among reef-building corals (e.g. Connell et al., 2004). Thus, 








Many observational and manipulative studies have shown the importance of predators in 
structuring the benthic communities and maintaining spatial heterogeneity (Glynn, 1976; 
McClanahan and Muthiga, 1988; Dulvy et al., 2004). Corallivorous fishes inhabiting tropical 
reefs include butterflyfishes (most common fish, browsers that cause damage to the tissue; 
Motta, 1989), and parrotfish, puffers, triggerfish, filefish, wrasses, and damselfish (excavators 
or scrapers with the ability to remove skeletal material along with coral tissue; Rotjan and 
Lewis, 2008). Damage by corallivores ranges from minor to lethal, even limited removal of 
tissue or skeletal structures has growth and/or fitness consequences for a scleractinian coral 
colony (Rotjan and Lewis, 2008). The intensity of predation can have major cascading effects 
on coral populations (Done et al., 2010). Population outbreaks of both crown-of-thorns starfish 
(Acanthaster planci (Linnaeus, 1758)) and muricid gastropods of the genus Drupella Thiele, 
1925 represent one of the most significant biological disturbances on tropical coral reefs 
throughout the Indo-Pacific oceans (e.g. Lourey et al., 2000; Pratchett, 2005; Baine, 2006; 
Bruno and Selig, 2007; Pratchett et al., 2009, 2011; Osborne et al., 2011; De’ath et al., 2012). 
Outbreaks of these two major invertebrate corallivores have the potential to decimate coral 
communities, thereby altering the biological and physical structure of reef habitats (Hoeksema 
et al., 2013; Scott et al., 2015; Moerland et al., 2016). These two corallivores feed preferentially 
on fast-growing corals with high rates of recruitment, mainly Acropora spp., Montipora spp., 
and Pocilloporidae corals (Pratchett, 2001, 2010; Morton et al., 2002; Kayal et al., 2012; Baird 
et al., 2013; Tsang and Ang, 2015). Aside from being responsible for large declines in live 
coral cover, reduced reef resilience and recovery (e.g. Carpenter, 1997; Lam et al., 2007), 
selective feeding by these corallivores causes differential mortality among coral species, 
resulting in population regime shifts in dominance where the non-preferred coral species, 
usually less abundant, increase in relative abundance (e.g. De’ath and Moran 1998; Cumming, 
1999, 2009; Nicolet et al., 2013). Studies have observed shifts from complex staghorn 
Acropora-dominated habitats to relatively impoverished assemblages dominated by 
alcyonacean soft corals at Lizard Island, Australia (e.g. Pratchett, 2010). Thus, localized 
population outbreaks of both A. planci and Drupella spp. can rapidly and severely reduce coral 







1.1.2.5. Physical disturbances: storms  
 
Coral reefs are routinely affected by structural disturbances (Tanner, 2017). The level at which 
such disasters occur may range from whole reefs during infrequent hurricanes (Stoddart, 1974) 
to local fragmentation of single colonies on a day to day basis (Tunnicliffe, 1981). Catastrophic 
events such as storms are one of the most dramatic stressors on reef communities. The effects 
of storms are well-documented, and can range from minimal impact to total destruction of the 
reef structure (Rogers, 1993; Connell, 1997; Nott and Hayne, 2001; Connell et al., 2004; 
Fabricius et al., 2008; De’ath et al., 2012). Storm damage is important in the dynamics of many 
reefs (Huston, 1985; Rogers, 1993). Effects of tropical storms may be direct, including removal 
of reef matrix, scouring and fragmentation (Van Woesik et al., 1991; Done, 1992), or indirect, 
through the near-shore salinity reduction following intense rainfall and flooding (e.g. Goreau, 
1964). Survivorship among the fragments of a storm damaged coral may be high during 
moderate storms (Highsmith, 1982), with subsequent regeneration and growth of dispersed 
fragments increasing clonal biomass and spreading the risk of future mortality among 
independent units. Severe storm damage, however, may be followed by prolonged mortality 
among fragments because of their increased susceptibility to disease and predation (Knowlton 
et al., 1981).  
 
1.2. Effects of global climate change in coral reef ecosystems  
 
Coral reefs are among the most threatened global ecosystems, and among the most vital 
(Costanza et al., 1997; Bryant et al., 1998; Boesch et al., 2000; Reaser et al., 2000). In addition 
to the local stressors (e.g. pollution, dredging, overexploitation, and outbreaks of both A. planci 
and Drupella spp., Hughes et al., 2003; Hoegh-Guldberg et al., 2007a; Lough, 2008; Rotjan 
and Lewis, 2008), coral reefs are experiencing unprecedented pressure and extinction risk due 
to global climate change (Pandolfi et al., 2003; Hoegh-Guldberg et al., 2007b; Spalding and 
Brown, 2015; Hughes et al., 2017a). Rapid build-up of carbon dioxide (and other greenhouse 
gases) in the atmosphere has resulted in the increase in sea surface temperatures (SSTs, 
Parmesan, 2006; IPCC, 2014), and ocean acidification in tropical ecosystems (Parry et al., 
2007; Crabbe, 2008; Doney et al., 2009). Nevertheless, recent studies have shown that the 
warming of tropical oceans is a much more imminent threat to coral reefs' survival than ocean 
acidification (e.g. Chua et al., 2013; Frieler et al., 2013). Global warming impacts on marine 




2018a; IPCC, 2018). Coral reef ecosystems, although located in the world’s naturally warmest 
marine waters, are considered to be particularly vulnerable to global warming (Hughes et al., 
2003; Hoegh-Guldberg et al., 2007a) due to many tropical marine organisms, including reef-
building corals and associated species, living near their upper thermal tolerance limits (Goreau, 
1992; Hoegh-Guldberg, 1999; Randall and Szmant, 2009; Vinagre et al., 2018, 2019). Global 
warming is the primary cause of coral bleaching and mass mortality in coral reef communities 
around the world (Hoegh-Guldberg, 1999; Lesser, 2004; Hoegh-Guldberg et al., 2007b; 
Hughes et al., 2017a, 2018a; Langlais et al., 2017), leading to the rapid deterioration of the 
world’s tropical coral reefs. Although acting in a local scale, other environmental factors 
besides high temperature have also been correlated with coral bleaching. These include salinity 
fluctuations (Goreau, 1964; Nakano et al., 1997), low and high levels of illumination— 
especially ultraviolet radiation (Lesser and Shick, 1989a; Gleason and Wellington, 1993; 
Banaszakand and Trench, 1995), increased sedimentation (Stafford-Smith, 1993; Riegl and 
Bloomer, 1995), nutrient imbalance (Rosset et al., 2017), aerial exposure during low tide 
(Leggat et al., 2006; Teixeira et al., 2013), low temperatures (Steen and Muscatine, 1987; 
Kobluk and Lysenko, 1994), as well as combinations of these factors (e.g. Berkelmans and 
Oliver, 1999; Lesser and Farrell, 2004; Ainsworth et al., 2016), disease (Kushmaro et al., 1996; 
Rosenberg and Loya, 1999), and various anthropogenic toxicants (e.g. pesticides, Van Dam et 
al., 2015). 
 
1.2.1. Climate induced changes 
 
The natural environment of a coral consists of many physical, chemical and biological factors 
interacting to produce the ecological framework within which the organism must survive and 
reproduce (Coles and Jokiel, 1978). Coral reefs have long been considered stenotolerant 
ecosystems, confined by a relatively narrow range of environmental conditions (Kleypas et al., 
1999). Seawater temperature and salinity are major environmental factors contributing to the 
survival, growth, and photosynthesis of corals (Ferrier-Pagès et al., 1999, 2007; Baird and 
Hughes, 2000; Chow et al., 2009). Large-scale bleaching due to increased temperature has been 
a major area of coral research as such events have become more frequent and are correlated 
with large-scale coral mortality (Hoegh-Guldberg et al., 2007b; Le Nohaïc et al., 2017; 
Frölicher and Laufkötter, 2018; Hughes et al., 2018b; Montefalcone et al., 2018; Stuart-Smith 
et al., 2018; Sully et al., 2019; Vargas-Ángel et al., 2019). However, understanding the effects 




corals growing in marginal habitats (Mayfield and Gates, 2007). Field and laboratory evidence 
reveal that reef-building corals are highly sensitive to both thermal and salinity stress (Goreau, 
1964; Van Woesik et al., 1995; Hoegh-Guldberg, 1999; Donner et al., 2005; Hoegh-Guldberg 
et al., 2007b). Corals and their symbiotic algae maintain pools of small, organic molecules 
within the coral cells (Gates and Edmunds, 1999). Rapid fluctuations in these biochemical 
pools due to environmental stress may lead to osmotic stress and ultimately the degradation of 
the symbiosis (Mayfield and Gates, 2007). Both heat and hyposaline conditions can change the 
osmotic capacity of corals (Mayfield and Gates, 2007; Wagner et al., 2010) and can, in extreme 
cases, lead to bleaching, although the causative agents differ (Gates et al., 1992). Coral 
bleaching in response to low salinity seawater after an increase in seawater temperature is the 
second most commonly cited cause of coral bleaching (Glynn, 1991).  
 
1.2.1.1. Heat stress impacts on reef-building corals 
 
Coral reefs thrive at water temperatures ranging from 17-18°C to 33-34°C (Guilcher, 1988; 
DeVantier et al., 2004; Chen et al., 2005; Faxneld et al., 2011; Foster et al., 2014; Tong et al., 
2017; Ross et al., 2018), with the most optimum growth occurring between 25-29 °C (Jokiel 
and Coles, 1977; Abramovitch-Gottlib et al., 2003; Bhagooli and Hidaka, 2004; Marshall and 
Clode, 2004). Aside from the wide tolerance of the reefs to temperatures, the coral species 
composing a given reef are really stenothermal and are adapted to only the ambient water 
temperatures in which they grow (Wafar, 1990; Salvat and Salvat, 1992; Fan and Dai, 1999; 
Guest, 2005; Silverstein et al., 2011; Richards and Rosser, 2012; Turak and DeVantier, 2012; 
Zhao et al., 2013). Short-term exposure to heat stress leads to negative impacts in both coral 
host’s respiration rate and symbiont’s photosynthesis (Jokiel and Coles, 1990; Castillo and 
Helmuth, 2005). The photosynthetic machinery of the symbiotic zooxanthellae is susceptible 
to moderate increases in temperature, enhancing chronic photoinhibition through the 
degradation of photosystem II (Iglesias-Prieto et al., 1992). Long-term exposure to heat stress 
leads to reduced growth rates (Abramovitch-Gottlib et al., 2003; Cantin and Lough, 2014), 
decrease in both tissue regeneration and reproductive capacities (Hoegh-Guldberg, 2004; Diaz-
Pulido et al., 2009; Albright and Mason, 2013; Levitan et al., 2014; Osborne et al., 2017), 
increased susceptibility to disease (Miller et al., 2009; Mydlarz et al., 2009; Burge et al., 2014) 
and can, in extreme cases, cause a breakdown in coral-zooxanthellae symbiosis leading to coral 
bleaching (Edwards et al., 2001; Liu et al., 2003; Mayfield and Gates, 2007; Adjeroud et al., 




of the affected tissue. One of the most dramatic impacts of ocean warming on coral reefs is 
mass coral bleaching (Glynn, 1993; Hoegh-Guldberg and Salvat, 1995; Hughes et al., 2017c; 
2018a). Field and laboratory studies have shown unequivocally that sustained and anomalously 
high summer water temperatures are associated with mass coral bleaching events (Glynn and 
D’Croz, 1990; Hoegh-Guldberg, 1999, 2007b; Loya et al., 2001; Podestá and Glynn, 2001; 
McClanahan et al., 2009; Langlais et al., 2017; Hughes et al., 2018a). Warming-related mass 
bleaching events are among the greatest threats to coral reefs around the world today (Pandolfi 
et al., 2011; Heron et al., 2016; Donner et al., 2017; Hughes et al., 2017b,c, 2018a). Since these 
events can lead to mass mortality from regional to global scales, they impact both the diversity 
and functioning of coral reef ecosystems (Graham et al., 2007; Baker et al., 2008; Pratchett et 
al., 2011a). Corals are known to have adapted or acclimatized to local environmental 
conditions (Logan et al., 2014; Palumbi et al., 2014) with temperature thresholds for bleaching 
varying locally and being linked to local summertime conditions (Glynn and D’ Croz, 1990). 
Thermal bleaching can be induced by short-term exposure (i.e. 1-2 days) at temperature 
elevations of 3-4 °C above the average maximum summer temperature, or by long-term 
exposure (i.e. several weeks) at temperature elevations of only 1-2 °C above the average 
maximum summer temperature (Jokiel and Coles, 1990; Glynn, 1991), but the bleaching 
threshold also depends on the duration and magnitude of the heat stress and on the stress history 
of the corals (background climate conditions, Glynn, 1996; Baker et al., 2008; Carilli et al., 
2012). For instance, impacts from thermal stress have been lower at sites where short-term 
pulses of low-level temperature stress preceded higher thermal stress later in summer 
(Ainsworth et al., 2016) or that have been affected by a prior but recent thermal stress event 
(e.g. Thompson and Van Woesik, 2009; Heron et al., 2016). For most low-latitude ‘tropical’ 
reef systems the observed temperature threshold for bleaching lies close to 30 °C (e.g. Hoegh-
Guldberg and Smith, 1989; Glynn and D’Croz, 1990; Jokiel and Coles, 1990; Brown et al., 
1996; Davies et al., 1997; Mumby et al., 2001; Adjeroud et al., 2009; Guest et al., 2012). A 
central role for the coral host in determining upper thermal bleaching thresholds supports 
observations that some genera, such as Acropora, Stylophora, Seriatopora, and Pocillopora, 
are highly susceptible to bleaching, whereas others such as Cyphastrea, Goniopora, and 
Porites, are highly resistant, and this hierarchy of susceptibility is consistent over wide 
geographic scales (Marshall and Baird, 2000; Loya et al., 2001; McClanahan, 2004). 
 
As stenothermic organisms, corals are particularly sensitive to warming (Brown and 




bleaching events have increased in geographic extent, intensity, and frequency in response to 
global warming (Hoegh-Guldberg, 1999; Aronson et al. 2000; Lough, 2000; Kleypas et al., 
2001; Wellington et al., 2001; Heron et al., 2016; Hughes et al., 2018a) and have contributed 
to the rapid degradation of coral reefs (Eakin et al., 2016; Donner et al., 2017; Hughes et al., 
2017b, 2018a). Warming of tropical seas has already pushed many scleractinian coral species 
close to their upper thermal limit (Hoegh-Guldberg, 1999; Langdon and Atkinson, 2005; 
De’ath et al., 2009; Tanzil et al., 2009; Manzello, 2010). Over the past four decades, a loss of 
> 40% of the world’s coral reefs has been observed (Burke et al., 2011). Three pan-tropical 
global mass bleaching events (1998, 2010, and 2015/16) associated with El Niño-Southern 
Oscillation (ENSO) driven warming events affected virtually all reefs in the world (Heron et 
al., 2016; Van Open et al., 2017; Hughes et al., 2018a). The 2015–16 El Niño event resulted in 
significant warming of large areas of the tropical oceans and continued bleaching of substantial 
areas of reef (Hughes et al., 2017b; L’Heureux et al., 2017), affecting 75% of the Indo-Pacific 
coral reefs (Hughes et al., 2018a). This event was unprecedented in duration and magnitude 
resulting in the longest and most severe global coral bleaching event on record (Eakin et al., 
2016). Coral mortality was among the worst ever observed (Hughes et al., 2017b), and even 
remote and pristine reefs that experience minimal human degradation were severely affected 
(Hughes et al., 2017a).  
 
1.2.1.2.  Hyposalinity impacts on reef-building corals 
 
Corals and other reef organisms can live in normal salinities as low as 25 psu and as high as 
45 psu, even though most coral reefs occur in a more moderate salinity environment (Wolanski, 
1981; Coles, 1988; Coles and Jokiel, 1992; Kleypas et al., 1999; Berkelmans et al., 2012). 
Osmotic stress represents a limiting physical parameter for marine organisms and especially 
for sessile scleractinian corals which are known to be basically stenohaline and 
osmoconformers, even with some species being euryhaline and withstanding significant 
changes in external osmolarity (Muthiga and Szmant, 1987; Coles, 1992; Manzello and 
Lirman, 2003; Mayfield and Gates, 2007). Since reef-building corals have a limited 
osmoregulation capability (Ferrier-Pagès et al., 1999; Kerswell and Jones, 2003; Manzello and 
Lirman, 2003), they do not possess a constant cellular osmolarity, but respond to dynamic 
changes in their environment by rapidly absorbing water to become iso-osmotic with their 
surroundings (Rankin and Davenport, 1981; Titlyanov et al., 2000; Mayfield and Gates, 2007). 




fluctuations in cell volume and osmolyte, that is, failure of coral and algae to maintain a 
compatible osmotic environment, can compromise macromolecular structures and metabolic 
function (e.g. enzyme kinetics, Vernberg and Vernberg, 1972; Fabricius, 2005; Berkelmans et 
al., 2012) and lead to the production of reactive oxygen species (ROS) from increased 
metabolism in response to the osmotic stress (Freire et al., 2012). Therefore, major salinity 
changes (outside typical daily and seasonal fluctuations) can cause important cellular damage, 
since corals lack any developed physiological regulatory system, and can lead to the 
breakdown of the symbiosis (Kerswell and Jones, 2003) or even death (Hoegh-Guldberg and 
Smith, 1989; Mayfield and Gates, 2007; True, 2012).  
 
The immediate reaction of corals subjected to low salinity include polyp retraction and tissue 
paling (Lirman and Manzelo, 2009). Short-term exposure (hours) to salinity stress can 
negatively influence the basal metabolic functions of the corals, inducing changes on the 
symbiotic algae photosynthetic efficiency (Muthiga and Szmant, 1987; Coles and Jokiel, 1992; 
Moberg et al., 1997; Ferrier-Pagès et al., 1999; Porter et al., 1999; Alutoin et al., 2001; Kerswell 
and Jones, 2003; Manzello and Lirman, 2003; Chartrand et al., 2009) and in the respiratory 
pathways of the coral host (Ferrier-Pagès et al., 1999; Porter et al., 1999; Alutoin et al., 2001; 
Faxneld et al., 2010), which in turn reduce energy levels and organic carbon (Moberg et al., 
1997; Ferrier-Pagès et al., 1999; Chavanich et al., 2009). Long-term exposure to reduced 
salinity conditions can imply decreased growth potential (Coles, 1992) and also give rise to 
higher-order physiological diseases, such as gamete abnormalities and reduced viabilities, that 
affect fecundity, settlement success, and larval survivorship (Jokiel, 1985; Richmond, 1993; 
Humphrey et al., 2008; True, 2012; Scott et al., 2013) and can, in extreme cases, cause a 
breakdown in coral-zooxanthellae symbiosis leading to coral bleaching (Goreau, 1964; Egaña 
and DiSalvo, 1982; DeVantier et al., 1997; Mayfield and Gates, 2007). Acute stress during 
exposure to low salinity often leads to tissue damage (Van Woesik et al., 1995) and consequent 
coral death (Hoegh-Guldberg and Smith, 1989; Jokiel et al., 1993), followed by immediate 
coral’s tissue sloughing. An effect that probably underlies the mass mortalities of corals after 
severe rainy storms or flood events (Kerswell and Jones, 2003).  
 
Coral reefs are frequently subject to fluctuations in seawater salinity, due to precipitation, 
storms, freshwater runoff, periods of prolonged drought or desalination processes (Coles and 
Jokiel, 1992, Leichter et al., 1996; Devlin et al., 2001). Several studies investigated the 




environmental factor that may impact a coral reef and influence the distribution of cnidarian 
species and populations (e.g. Berkelmans and Oliver, 1999; Sakami, 2000; Titlyanov et al., 
2000; Rogers and Davis, 2006). Bleaching of corals in response to low salinity seawater is the 
second most commonly cited cause of coral bleaching (Glynn, 1991). The degree of impact by 
hyposaline conditions is largely determined by the degree and length of exposure (Berkelmans 
et al., 2012). Observations made in previous studies support previous estimates of 15 psu to 20 
psu as the lower lethal salinity in reef corals (Coles and Jokiel, 1992). Coles and Jokiel (1992) 
stated that salinities below 15 psu sustained for more than 2 days will lead to coral mortality. 
In Hawaii, sudden and large drops in salinity (to 15–20 psu for 24 h) associated with heavy 
rains and discharge have caused coral death (Jokiel et al., 1993).  
 
Corals in near-shore environments are particularly vulnerable to the effects of climate change 
(True, 2012). Bleaching and mortality of near-shore corals are often reported in association 
with hyposaline conditions resulting from heavy rainfall events (e.g. Egaña and DiSalvo, 1982; 
Van Woesik et al., 1995; Berkelmans and Oliver, 1999; Hendy et al., 2003; Lirman et al., 
2008). On coral reefs, long-term exposure to hyposaline conditions resulting from heavy 
rainfall events is not uncommon (Devlin et al., 2001). Many studies report localized bleaching 
after large storms and hurricanes, torrential downpours, and river discharges that greatly 
lowered near-shore salinity (e.g. Goreau, 1964; Egaña and DiSalvo, 1982; Engebretson and 
Martin 1994; Van Woesik et al., 1995). Both Goreau (1964) and Van Woesik et al. (1995) 
reported striking cutoffs between discolored (bleached) and normally pigmented corals 
coinciding with the depth to which floodwaters penetrated, that is, only the shallow portions 
of the coral colonies in contact with a low salinity water layer became bleached, whereas the 
deeper portions remained normal. Laboratory-based studies have also confirmed that corals 
discolor during exposure to low-salinity seawater (Kerswell and Jones, 2003). It is believed 
that the expulsion of the zooxanthellae was induced by contact with water of lowered osmotic 
pressure on the surface of the sea (Goreau, 1964). Several reports describe salinity reductions 
causing massive coral and reef organism mortality (e.g. Stoddart, 1969; Bienfang, 1980; 
Johannes, 1980; Lewis, 1985). However, it is during major storm events that the effects of 
lowered salinity on coral reefs are most dramatic (Goreau, 1964; Coles and Jokiel, 1992; Jokiel 
et al., 1993; Van Woesik et al., 1995; Devlin et al., 2001; Blakeway, 2004; Butler et al., 2013). 
For example, a major reef kill in Kaneohe Bay, Oahu resulted in death without bleaching of 
corals to depths of 3 m (Jokiel et al., 1993). Thus, fresh water kills have a strong influence on 




1.2.2. Bleaching consequences 
 
Coral bleaching is a stress response that describes the morphological changes that occur during 
the breakdown of the symbiotic association between the coral host and the symbiotic 
zooxanthellae (Glynn, 1991; DeSalvo et al., 2008). Bleaching is associated with a pronounced 
loss of color from affected corals due to the reduced number of zooxanthellae and/or reduced 
concentration of photosynthetic pigments in the zooxanthellae, the white skeleton becomes 
visible through the transparent coral tissue, giving the organism a “bleached” white appearance 
(Glynn, 1991; Baker et al., 2008; Hoegh-Guldberg, 2011; Wild et al., 2011; Hume et al., 2013). 
Bleaching is an obvious visual indication of significant levels of stress affecting a coral colony 
(Jokiel and Coles, 1990) and is fatal to the coral unless the symbiotic relationship can be 
quickly re-established (Hoegh-Guldberg, 2011). As healthy corals normally supplement their 
metabolism through the provision of photosynthetic compounds by zooxanthellae (Davy et al., 
2012), bleaching culminates in significant reductions in zooxanthellae photosynthesis 
accompanied by drastic changes in physiology (Lesser and Shick, 1989a; Muscatine et al., 
1991; Warner et al., 1996; Jones et al., 2000; Suzuki and Kawahata, 2003; Rodrigues and 
Grottoli, 2006). The potential physiological and ecological effects of bleaching are numerous. 
Although mortality might not always eventuate, responses in the coral hosts include an increase 
in respiration rate, declines in coral protein, lipid, and carbohydrate concentrations in the 
tissues, a weakening of tentacular movement (Glynn, 1991), a decrease in skeletal calcification 
rate (Leder et al., 1991), decrease in tissue regeneration ability (Meesters and Bak, 1993), 
reduced growth rates and reproductive capacities (Szmant and Gassman, 1990; Baird and 
Marshall, 2002; Carilli et al., 2009), increased susceptibility to disease (Harvell et al., 1999; 
Bruno et al., 2007; Bourne et al., 2008), tissue degradation, and consequent death of the 
affected tissue (Szmant and Gassman, 1990; Williams and Bunkley-Williams, 1990; Michalek-
Wagner and Willis, 2001). Eventual impacts of bleaching (over years to decades) can include 
reduced reef rugosity, coral cover, and biodiversity (Baker et al., 2008) and perhaps local 
extinction of coral species (Brainard et al., 2013). Coral bleaching has become a major threat 
to coral reef ecosystems worldwide (Eakin et al., 2009). Coral bleaching is not always fatal, it 
depends on the intensity and duration of the stress (Hoegh-Guldberg, 1999). On the one hand, 
if the heat stress event is mild and short-lived, the symbiotic association can be re-established 
and their physiology may be restored (Hoegh-Guldberg et al., 2007b; Grottoli et al., 2014; 
Schoepf et al., 2015), with zooxanthellae populations inside the host tissues returning to pre-




1989; Brown, 1997b; Hoegh-Guldberg and Jones, 1999) and sub-chronic impacts on coral 
growth and reproduction that may last for several years (Ward et al., 2002). On the other hand, 
if a heat stress event is sustained or particularly severe and the zooxanthellae populations are 
not recovered by the host, severe and/or prolonged symbiotic breakdown leads to the mortality 
of the coral host due to starvation (Hoegh-Guldberg, 1999; Baird and Marshall, 2002; 
Berkelmans et al., 2004; Oliver et al., 2009; Eakin et al., 2010, 2016). Severe bleaching can 
have substantial long-term impacts on coral communities, even in areas with corals tolerant to 
environmental extremes (Burt et al., 2011). 
 
Severe coral bleaching events have caused mass mortality of corals in tropical regions around 
the globe (Goreau et al., 2000; Aronson et al., 2004; Graham et al., 2006; Baker et al., 2008). 
In the Indo-Pacific oceans, mass mortality of reef-building corals associated with heat stress 
events has occurred several times (Oliver, 1985; Brown and Suharsono, 1990; Glynn, 1990a; 
Glynn and De Weerdt, 1991; Brown, 1997a; Wilkinson, 2000; Glynn et al., 2001; Riegl, 2002; 
Hughes et al., 2018b,c; Stuart-Smith et al., 2018) with the most severe heat stress events 
typically associated with ocean–atmosphere phenomena, such as ENSO, that result in sustained 
regional elevations of ocean temperature (McPhaden, 1999; Deser et al., 2010; Eakin et al., 
2016; Hughes et al., 2017b; L’ Heureux et al., 2017). These stressful events lead to population 
collapses and consequent local extirpation (e.g. Loya et al., 2001; Hughes et al., 2003; Pandolfi 
et al., 2003; West and Salm, 2003; Carpenter et al., 2008; Brooker et al., 2014) contributing to 
the decline of coral reefs (Brown, 1997a). In recent years, episodes of mass coral bleaching 
have led to catastrophic loss of coral cover, with consequent phase-shifts away from coral 
dominance in some locations, and to persistent changes in coral community structure in many 
others. Widespread coral loss and associated transformation of reef habitats are jeopardizing 
the structure and function of coral reef ecosystems (Hughes et al., 2003; Hoegh-Guldberg et 
al., 2007b). On the one hand, the decline of coral cover has resulted in shifts in dominance 
from scleractinian corals to macroalgae imposing subsequent constraints on the replenishment 
and recovery capacity of coral assemblages (Done et al., 2007; Hughes et al., 2007, 2010; Cheal 
et al., 2010; Depczynski et al., 2013). On the other hand, other sessile organisms (e.g. sponges, 
ascidians or soft corals) may proliferate following extensive loss of scleractinian corals 
(Norström et al., 2009; Tebbett et al., 2019). These phase-shifts are reinforced by changes in 
ecological processes that promote the persistence of non-coral organisms and further inhibit 
the growth, recruitment and/or survival of corals (Hughes et al., 2010). Furthermore, persistent 




fast-growing dominant and branching heat-susceptible coral species and their replacement by 
slow-growing sub-dominant and massive coral species (Hoegh-Guldberg, 1999; Adjeroud et 
al., 2009; Van Woesik et al., 2011; Johns et al., 2014; Eakin et al., 2016; Hughes et al., 2017b; 
Le Nohaïc et al., 2017), delaying reef growth (Glynn, 1991). Persistent changes in community 
structure towards stress-tolerant species can increase the resistance of a coral community to 
disturbances, so that coral cover can reach high levels in spite of frequent pulse disturbances 
and chronic stressors. However, the ability of even stress-tolerant corals to resist or recover is 
limited (Côté and Darling, 2010). Reef areas that have suffered mass mortalities eventually 
begin to disintegrate as physical and biological erosion outpace calcium carbonate accretion 
by remaining corals (Done, 1992). Loss of structural complexity from reef disintegration, 
combined with overgrowth by algae and lack of recruitment success of corals on damaged reefs 
(Glynn, 1990b; Reaka-Kudla et al., 1993; Diaz-Pulido and McCook, 2002; Gilmour et al., 
2013; Eakin et al., 2016, 2017; Mullen et al., 2017), can lead to dramatically altered patterns 
of coral species composition and even complete restructuring of communities (Graham et al., 
2006), resulting in overall decline of biodiversity, ecological services, and fisheries production 
in the marine tropics (Garpe et al., 2006; Graham et al., 2006, 2007, 2008; Pratchett et al., 
2008; Richardson et al., 2018).  
 
1.2.3. Predictions under future climate change scenarios 
 
Global climate modelling and satellite observations indicate that the thermal conditions for 
coral bleaching are becoming more prevalent (Van Hooidonk et al., 2013; Hoegh-Guldberg et 
al., 2014; Liu et al., 2014, 2017; Heron et al., 2016). Average SSTs near coral reef ecosystems 
are predicted to further rise 1–3.7 °C over the 21st century (IPCC, 2014, 2018). Continued 
warming of the tropical oceans combined with projected more frequent and severe El Niño 
events (Power et al., 2013; Cai et al., 2014) will continue to exacerbate the severity of heat 
stress experienced by coral reefs (Frieler et al., 2013) with each strong El Niño event resulting 
in a higher level of stress than previous ones and the emergence of significant bleaching in 
non-El Niño years (Hughes et al., 2018a). The interval between thermal stress events has also 
shortened with the 0.92 °C of global warming observed to date (Van Hooidonk et al., 2013, 
2014; Hoegh-Guldberg et al., 2014; Ainsworth et al., 2016; Hughes et al., 2018c), threatening 
the persistence of coral-dominated reefs across the tropics (Pandolfi et al., 2003; Baker et al., 
2008; Frieler et al., 2013; Van Hooidonk et al., 2013, 2014, 2016; Logan et al., 2014; Gattuso 




localities now considered to be thermal refugia could disappear by mid-century (Van Hooidonk 
et al., 2013). It has been suggested that, unless there is substantial thermal adaptation of coral 
hosts and/or their symbiotic algae (Donner et al., 2005; Baird and Maynard, 2008; Donner, 
2009), mass bleaching and mortality events could occur annually on the world’s coral reefs by 
2050 (Nicholls et al., 2007) with a high likelihood for more globally widespread and intense 
bleaching events (Perry and Morgan, 2017). Modelling studies suggest that corals need to 
increase their thermal tolerance by about 1.5 °C to significantly delay the onset of more 
frequent bleaching events (Donner, 2009). Even with the aspirational Paris Agreement target 
of limiting global warming to 1.5 °C above pre-industrial levels, it is estimated that after 2050, 
70% of the world’s reefs will be at risk of severe degradation (Schleussner et al., 2016). 
Warmer seas are likely to drive more intense and frequent tropical storms (Emanuel, 2005; 
IPCC, 2014) leading to a shorter time for recovery between recurrences (Watson et al., 2001; 
Emanuel, 2005; Elsner et al., 2006a,b) with the prospect that the extent to which coral reefs 
experience physical damage may increase (Hoegh-Guldberg, 2011). Changes in global weather 
patterns will lead to more extreme rainfall over most of the mid-latitude land masses and over 
wet tropical regions (Hoegh-Guldberg et al., 2007a; IPCC, 2014). Furthermore, heavy rainfall 
accompanying tropical storms will lower salinity in shallow near-shore areas (Milly et al., 
2002; Haapkylä et al., 2011). The rate of environmental change is likely to be considerably 
accelerated in the near future. Multiple synergistic environmental disturbances are likely to 
interact to create stressful conditions unique to the current epoch (e.g. warm water and low 
salinity). 
 
1.2.4. Importance of fragmentation in corals’ propagation by tropical storms 
 
Several factors influence the success of asexual propagation by fragmentation of different coral 
species upon tropical storms. These include: tropical storm intensity and frequency (Lirman, 
2003), the abundance of large colonies (Grosberg and Cunningham, 2001), colonies age 
(Schaffer, 1974), slope inclination of the substratum (Harmelin-Vivien and Laboute, 1986; 
Kjerfve et al., 1986), coral species morphology (Hughes, 1983), the fragment size (Highsmith 
et al., 1980), the type of substratum (Lirman, 2000), and the occurrence of subsequent 
disturbance (Rogers et al., 1982; Glynn, 1997). Tropical storms are favorable to the 
propagation and expansion of branching, plating, and massive coral forms by asexual 
reproduction of storm-generated fragments across the reef (Highsmith, 1980, 1982; Highsmith 




coral fragments may become detached from parent colonies (Richmond, 1997). Coral 
fragments can either regenerate lesions caused by partial colony mortality and fuse back with 
the original colony (Hildemann et al., 1977; Meesters and Bak, 1993) or, if the conditions are 
favorable, the fragments can be dispersed and survive, forming separate isogeneic colonies 
(Jokiel et al., 1983; Neigel and Avise, 1983). Fragment survivorship may be sufficiently high 
that artificially generated fragments can be successfully seeded onto degraded reefs to promote 
small-scale recovery (e.g. Kobayashi, 1984; Harriott and Fisk, 1988). Production of new 
colonies by fragmentation of established colonies is shown to be an extremely important mode 
of reproduction and local distribution among major reef-building corals (Highsmith, 1982). 
The detachment and re-distribution of hermatypic corals is an important process on reefs, 
fragmentation leads to their colonization of otherwise inaccessible habitats, patch reef 
development, reef extension, and asexual colony multiplication (Highsmith, 1980, 1982; Foster 
et al., 2013; Roth et al., 2013). Most importantly, it allows a species to persist when it is unable 
to complete its sexual reproductive life cycle (Honnay and Bossuyt, 2005).  
 
The fragmentation of stony coral colonies appears to be a widespread and extremely important 
method of reproduction and distribution (Highsmith, 1980; Highsmith et al., 1980). In some 
areas corals may rely solely on fragmentation for persistence (Honnay and Bossuyt, 2005; 
Baums et al., 2006), by spreading the risk of encountering unfavorable local environments 
(Jackson, 1977; Highsmith, 1982). Fragmentation may be the predominant mode of 
reproduction for many of the major reef-building corals (Highsmith, 1982). The combination 
of high frequency of fragmentation and the apparent lack of sexual reproductive success has 
been considered as evidence of the adaptive value of fragmentation for several coral species 
(Bak and Engel, 1979; Highsmith et al., 1980; Bothwell, 1981; Tunnicliffe, 1981; Highsmith, 
1982). Fragmentation is considered to be an adaptation to both unfavorable local environmental 
conditions and relatively stable habitats (Honnay and Bossuyt, 2005). The highest rates of 
fragmentation typically occur during stress events, beyond storms, heat stress is also 
responsible by high rates of fragmentation on coral reefs (Roth et al., 2013). Anomalously high 
water temperatures lead to coral bleaching and consequent increase in the rates of partial colony 
mortality (Hoegh-Guldberg, 1999). The loss of live tissue provides new substrate for bio-
eroding organisms, which decreases the integrity of the skeleton and increases the probability 
of colony fragmentation (Glynn, 1997). Likewise, an outbreak of coral disease frequently 
occurs during or soon after heat stress events (Muller et al., 2008; Rogers and Muller, 2012), 




1.2.5. Recovery after disturbance 
 
Coral community maintenance, reef growth, and recovery are highly dependent on both sexual 
and asexual reproductive processes (Kleypas et al., 2016; Glynn et al., 2017; Holbrook et al., 
2018). Coral populations are maintained and replenished mainly by sexual larval recruitment 
and asexual fragmentation (e.g. Highsmith, 1982; Harrison and Wallace, 1990; Richmond, 
1997). Recovery of coral populations following disturbance relies on the arrival of newly 
settling larval recruits (Sale et al., 2005; Cowen et al., 2006), and their successful recruitment 
and growth (Caley et al., 1996; Doropoulos et al., 2016), as well as on the growth and 
propagation of surviving coral colonies (Golbuu et al., 2007; Mumby et al., 2007; Gilmour et 
al., 2013; Done et al., 2015; Graham et al., 2015). Most asexual lineages depend on sporadic 
sexual recombination to add variation to their genomes, purge deleterious mutations, and adapt 
to changing environments (Kondrashov, 1988). A strategy combining asexual reproduction 
with low levels of sexual reproduction assemble the best of both strategies (Hurst and Peck, 
1996). It is likely that both reproductive modes are effective, with one or another predominant 
depending on the type and severity of disturbance and the particular local conditions prevalent 
during recovery (Glynn et al., 2017). Predicting population recovery is complex. Recovery 
rates of corals depend on a number of variables, including the spatial scale of a species’ 
distribution, life history traits such as reproduction strategies, stress tolerance, growth 
capacities, and competitive abilities (Darling et al., 2012; Kayal et al., 2015), how the 
neighboring sites fare through stress events and their capacity to supply recruits (Van Woesik 
et al., 2011), and the intensity (Ateweberhan et al., 2011; Riegl and Purkis, 2015), frequency, 
nature, and history of the disturbance (Dayton, 1971; Sousa, 1979; Adjeroud et al., 2009; 
Pratchett et al., 2011b; Holbrook et al., 2018; Torda et al., 2018). Furthermore, recovery rates 
vary among geographical locations (Baker et al., 2008; Graham et al., 2011; Ortiz et al., 2014), 
among reefs with different levels of conservation management (Graham et al., 2011; 
McClanahan, 2014) and among reefs and habitats (Golbuu et al., 2007; Osborne et al., 2011; 
Johns et al., 2014). For instance, reefs in the Indo-Pacific have greater recovery potential than 
Western Atlantic reefs (Connell, 1997; Roff and Mumby, 2012). Local practices to improve 
water quality (Fabricius et al., 2005; De’ath and Fabricius, 2010; Brodie et al., 2012), stabilise 
rubble (Fox et al., 2005), and avoid ecosystem overfishing of herbivores (Hughes et al., 2007; 
Doropoulos et al., 2016; Mumby et al., 2016), as well as global initiatives to reduce the ultimate 
burdens on reefs, such as human impacts on the environment and climate (Mora, 2008; Mora 




et al., 2012; Graham et al., 2015; Scheffer et al., 2015; Shlesinger and Loya, 2016; Sheppard 
et al., 2017; Shaver et al., 2018). Coral reefs are dynamic ecosystems and can, given time, 
recover from severe stress events (Sheppard et al., 2008; Graham et al., 2011; Gilmour et al., 
2013), though often with modified coral composition community (Graham et al., 2006).  
 
Regarding recovery after storms, recovery of mechanically damaged reefs to pre-disturbance 
levels is highly dependent on the continued growth of those colonies that remained upright 
after a disturbance, colonization by newly produced coral planulae, the stabilization and growth 
of coral fragments, and the composition of surviving coral communities (Endean, 1976; 
Pearson, 1981; Connell and Keough, 1985; Hughes and Tanner, 2000). Recovery time can 
range from a few years for reefs dominated by faster-growing branching species when asexual 
reproduction and regeneration are possible (Shinn, 1976) to several decades for reefs that suffer 
extreme damage (severe storms) that hardly any fragments of reef-building corals survive, 
being survival dependent upon sexual reproduction (Grigg and Maragos, 1974), and/or for 
reefs that are dominated by slower-growing corals (e.g. Pearson, 1981; Coles, 1984; Guzmán 
et al., 1991). On a regional scale, assessment of changes in coral cover following acute 
disturbances in locations across the Indo-Pacific revealed that the rate of return to the pre-
disturbed level was related to a variety of factors, including region (Holbrook et al., 2018) and 
severity of disturbance (Graham et al., 2011). For instance, the time scale for recovery of coral 
cover to pre-disturbance values after tropical storms has varied from around a decade in areas 
where the substratum was not greatly damaged (i.e. physically crushed and broken) by the 
disturbance, to two decades where disturbances greatly altered physical structure (Connell et 
al., 1997; Tanner, 2017). Frequent storms do not provide sufficient time for low recruiting 
massive colonies to re-establish before the next storm. Moderate disturbances, on the other 
hand, may help maintain diversity, whereby only competitive species are affected, preventing 
space monopolization (Dayton, 1971; Sale, 1977; Connell, 1978; Sousa, 1979; Van Woesik, 
1992). 
 
Regarding recovery after bleaching events, once bleached, subsequent mortality or the ability 
of corals to recover may depend on environmental factors such as the duration and magnitude 
of the warm water event (Connell et al., 1997; Hughes et al., 2018b,c), background nutrient 
levels (Wiedenmann et al., 2013), the availability of heterotrophic food resources (Grottoli et 
al., 2006) or local oceanographic conditions such as upwelling (Wall et al., 2015; Barkley et 




bleaching events has been documented in several locations over the last decades. Studies from 
several locations including the Great Barrier Reef, Australia (Johns et al., 2014), Moorea, 
French Polynesia (Adjeroud et al., 2009), Okinawa, Japan (Van Woesik et al., 2011), Scott 
Reef, northwestern Australia (Gilmour et al., 2013), and Seychelles (Graham et al., 2015) have 
reported recovery from major disturbances in one to two decades. The capacity to resist and 
recover from future bleaching will likely be dependent on factors such as the duration between 
events and recovery time (Grottoli et al., 2014; Schoepf et al., 2015; Hughes et al., 2018a), 
acclimatization of symbiont communities and coral hosts (Middlebrook et al., 2008; 
Bellantuono et al., 2011; Silverstein et al., 2012; Barshis et al., 2013; Grottoli et al., 2014), 
recruitment and propagation of bleaching tolerant genotypes (Coles and Brown, 2003; 
Maynard et al., 2008; Thompson and Van Woesik, 2009; Van Woesik et al., 2011; Voolstra et 
al., 2011), and changes in coral community composition toward dominance by more heat-
tolerant taxa (Coles and Brown, 2003; Maynard et al., 2008; Sampayo et al., 2008; Van Woesik 
et al., 2011). The recurrence of mass bleaching during the recovery period may prevent coral 
communities from achieving full recovery (Hughes et al., 2018a), outpacing the capacity of 
some important reef‐building coral species to recover (Grottoli et al., 2014; Schoepf et al., 
2015) and may preclude adaptation (Hughes et al., 2018a). While coral reefs can recover from 
severe bleaching, the time required for recovery is often long (Baker et al., 2008). As global 
temperatures have risen from 1980 to 2016, the time windows for reefs to recover from 
consecutive mass bleaching events have shortened from 25-30 years to just 6 years (Hughes et 
al., 2018a). This time interval is too short to allow a full recovery of mature coral assemblages, 
which generally takes 10-15 years for the short-lived and fastest growing species (Connell et 
al., 1997; Gilmour et al., 2013; Hughes et al., 2018a) and much longer for long-lived and slow 
growing species (decades to centuries, Kayanne et al., 2002; McClanahan, 2014; Glynn et al., 
2015; Osborne et al., 2017). Recovery of long-lived species requires the sustained absence of 
another severe disturbance, which is no longer realistic while global temperatures continue to 
rise (Van Hooidonk et al., 2016). The time between recurrent bleaching events is likely to 
become even shorter as severe bleaching events are expected to occur annually by 2050 (Van 
Hooidonk et al., 2016).  
 
1.2.6. Oxidative stress in reef corals 
 
The whitening of corals is a visual indication of significant levels of stress affecting a coral 




to an environmental stressor is usually expressed as changes at cellular and biochemical level, 
before the physical signs of a stress are evident (Bierkens, 2000). Although the coral-algal 
symbiosis has many inherent benefits, hosting intracellular photosynthetic organisms may 
cause local hyperoxia in both host and symbiont (e.g. Dykens and Shick, 1982; Kühl et al., 
1995; Richier et al., 2003; Lichtenberg et al., 2016) and promotes the generation of ROS 
(Dykens et al., 1992; Lesser, 2006). During both normal aerobic respiration in the coral host 
and photosynthesis in the symbiotic algae, potentially harmful ROS are generated by several 
chemical, photochemical, and biological pathways in a stepwise reduction of oxygen 
(Byczkowski and Gessner, 1988; Asada, 1999; Halliwell and Gutteridge, 1999; Richier et al., 
2006). Nevertheless, at low levels, ROS play a key role in signal transduction of cell damage 
mediators and in processes such as apoptosis, autophagy, and necrosis (Fridovich, 1998; 
Yakovleva et al., 2009; Davy et al., 2012; Ross et al., 2013; Muller-Parker et al., 2015). 
Reactive oxygen species present different reactivity and membrane permeability and include: 
singlet oxygen (1O2), which is highly reactive and one of the main ROS produced by 
illuminated photosynthetic organisms as a result of electron transfer from excited chlorophyll 
molecules to molecular oxygen (Scandalios, 1993), hydrogen peroxide (H2O2), which is highly 
permeable across biological membranes, and superoxide anion radical (O2•-), which is less 
permeable than hydrogen peroxide (Lesser, 2006). Although differing in permeability, both 
H2O2 and O2•- have selective reactivity with biological molecules (Halliwell, 2006). Under 
normal conditions, cellular antioxidant defenses are activated and ROS are converted into less 
noxious compounds, thus preventing the harmful effects of ROS to cell macromolecules. 
Nevertheless, during long-term abiotic stress the production and accumulation of ROS beyond 
the capacity of an organism’s antioxidant defenses to eliminate them, i.e. oxidative stress, can 
lead to damage to intracellular macromolecules such as DNA, proteins, and lipids, resulting in 
DNA degradation, protein oxidation, and lipid peroxidation, respectively (Lesser, 2006). The 
reaction of ROS with lipids, especially with unsaturated lipids of cell membranes, is considered 
one of the most prevailing mechanisms of cellular damage (Halliwell and Gutteridge, 1999), 
this is a destructive process that compromises normal cellular function. Lipid peroxidation 
involves three distinct steps: initiation, propagation, and termination (Yu, 1994; Halliwell and 
Gutteridge, 1999), ultimately forming ROO• (peroxyl radical) that then takes part in a chain 
reaction of peroxidation of lipids. The lipid hydroperoxide (ROOH) generated in the course of 
these reactions is unstable in the presence of Fe or other metal catalysts. This instability is 
given to the subsequent participation of ROOH in a Fenton reaction leading to the generation 




amplified. Among the degradation products of ROOH are aldehydes (malondialdehyde 
(MDA)) and hydrocarbons (ethane and ethylene) (Freeman and Crapo, 1982; Gutteridge and 
Halliwell, 1990).  
 
To maintain a steady state of low ROS concentration, i.e. cell homeostasis, and prevent 
oxidative damage, several antioxidant mechanisms are present in both partners of the 
symbioses (Lesser and Shick, 1989b; Nii and Muscatine 1997; Richier et al., 2005; Lesser, 
2006; Merle et al., 2007), mainly in chloroplasts and mitochondria, where O2 is most active 
during photosynthesis and respiration, respectively (Wise, 1995; Lesser, 2006), but also in 
peroxisomes (Apel and Hirt, 2004) and glyoxysomes (Lesser, 2006). In biological systems, the 
purpose of antioxidant defenses is to eliminate singlet oxygen (1O2) at the site of production 
(e.g. PSII reaction centers in chloroplasts) and eliminate or reduce the flux of reduced oxygen 
intermediates such as O2●− and H2O2 to prevent the production of HO● (hydroxyl radical), the 
most reactive form of ROS (Lesser et al., 1990; Lesser, 1997; Fridovich 1998; Asada, 1999; 
Halliwell and Gutteridge, 1999). These antioxidant defense mechanisms can be non-enzymatic 
and enzymatic. Non-enzymatic antioxidants include lipid-soluble carotenoids, retinol (vitamin 
A), calciferol (vitamin D), and tocopherol (vitamin E) (Edge et al., 1997), and water-soluble 
phycobiliproteins, ascorbate (vitamin C), glutathione (GSH), and flavonoids (Lesser, 2006). 
Enzymatic antioxidants include multiple isoforms of superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), and ascorbate peroxidase (APX) (Kurutas, 2016), the 
latter only present in the symbiont (Lesser et al, 1990). Cooperatively, these enzymatic 
antioxidants provide the first line of defense against O2●- and H2O2, whereas carotenoids and 
tocopherols are proficient quenchers of 1O2 (Sies, 1999; Ledford and Niyogi, 2005). 
Superoxide dismutase, the first enzyme involved in ROS scavenging, converts O2●- to H2O2 
close to the site of production (Lesser, 2006). Then, H2O2 is converted to water and oxygen by 
APX in the symbiont’s chloroplasts and by CAT in both partners of the symbiosis (Lesser et 
al., 1990; Fitt et al., 2009; Lesser, 2011; McGinty et al., 2012; Krueger et al., 2014; Kurutas, 
2016), and GPx uses H2O2 to oxidize substrates (Torres et al., 2006). While cells can employ 
numerous antioxidant mechanisms, the SOD–APX and SOD–CAT mechanisms are the main 
enzymatic antioxidant pathways in eukaryotes (Asada, 1999; Halliwell, 2006). These 
antioxidant enzymes limit ROS-mediated damage to intracellular macromolecules, however, 
they are not completely efficient at executing this task (Hayes and McLellan, 1999). Once some 
of the chemicals produced following the interaction of ROS with intracellular macromolecules 




prevent them from also damaging lipids, proteins, and DNA and ultimate lead to cell death 
(Dixon et al., 2010). This second line of defense against ROS is provided by enzymes such as 
glutathione peroxidase, glutathione S-transferase (GST), and aldehyde dehydrogenase (Hayes 
and McLellan, 1999; Weston et al., 2015). The enzyme GST detoxifies DNA hydroperoxides 
and lipid peroxides, having a central role in cell macrostructural repair (Hayes and McLellan, 
1999; Limón-Pacheco and Gonsebatt, 2009). Ultimately, the detoxified metabolites generated 
by these enzymes are eliminated from the cell by energy-dependent efflux pumps such as the 
glutathione S-conjugate transporter (Hayes and McLellan, 1999).  
 
Reactive oxygen species production is prevalent in the world’s oceans and oxidative stress is 
an important component of the stress response in marine organisms exposed to a variety of 
environmental stressors (Lesser, 2012). Reef-building corals that harbor endosymbiotic algae 
are regularly subjected to a variety of abiotic stresses: elevated seawater temperatures, high 
doses of photosynthetically active radiation (PAR) and ultraviolet light, salinity fluctuations, 
or a combination of these factors, as they inhabit shallow-water or intertidal marine 
environments (Brown, 1997b). Thus, reef-building corals require robust metabolic adjustments 
in order to maintain homeostasis, grow, and reproduce. The potential for ROS production is 
high in tropical marine organisms, and antioxidant defenses are required to maintain the steady-
state concentration of ROS at low levels in order to prevent oxidative stress and subsequent 
oxidative damage (Lesser, 2012).  
 
Regarding the mechanisms of thermal bleaching, induction of ROS and accumulation of 
oxidative damage products have been correlated with heat stress in both symbiont algae and 
host corals (Lesser et al., 1990; Brown et al., 2002; Downs et al., 2002). The current consensus 
is that oxidative stress is the trigger of coral bleaching (Richier et al., 2006; Murata et al., 2007; 
Lesser, 2011), therefore, a unifying mechanism of coral bleaching was proposed: the 
‘Oxidative Theory of Coral Bleaching’ (OTB). This hypothesis suggests that heat and light 
stress induce the bleaching cascade first by decoupling symbiont photosynthesis, leading to the 
excessive generation of ROS and reactive nitrogen species (RNS) in the symbiont that 
overwhelms its antioxidant defenses, resulting in a net increase in ROS and oxidative stress 
inside the symbiont cells (Perez and Weis, 2006; Dunn et al., 2007; Hawkins and Davy, 2012). 
ROS diffusion into the coral host tissue combined with damage and potential activation of 
apoptotic pathways in both partners result in symbiosis dysfunction (Weis, 2008; Hawkins et 




from the host is the final defense of corals against oxidative stress when other antioxidant 
defenses are overwhelmed (Gates et al., 1992; Downs et al. 2000, 2002; Putnam et al., 2017; 
Nielsen et al., 2018). This has been corroborated by studies that have measured increasing 
antioxidant activity in corals under environmental stress (increased temperature, high light, and 
hyposalinity, Hoegh-Guldberg, 1999), using a number of enzymatic antioxidants such as SOD, 
CAT, GPx, and GST to defend against the damaging effects of ROS (Lesser et al., 1990; Downs 
et al. 2000, 2002, 2009; Higuchi et al., 2008; Fitt et al., 2009). Coral bleaching does not always 
result in coral mortality. There are a number of observations both from the laboratory and the 
field documenting recovery from a bleaching event (Brown, 1997a; Stone et al., 1999). One 
hypothesis for this phenomenon, especially given the data supporting the OTB, is that the 
outcome for either mortality or recovery is determined by the extent of oxidative damage 
experienced by the coral (Downs et al., 2002).  
 
Hyposaline conditions can induce an oxidative stress response in both the host and its algal 
symbionts (Downs et al., 2009) that may result in bleaching, increased damage and/or death of 
the organism, due to energy expenditure required to neutralize or dissipate the effects of stress 
and restore cellular or tissue damage (Gates and Edmunds, 1999; Morgan and Snell, 2002). In 
literature there is no clear consensus on the mechanisms associated with hyposaline bleaching. 
Some studies report impairment of symbiotic algae (Ferrier-Pagès et al., 1999; Alutoin et al., 
2001; Kerswell and Jones, 2003), while others have emphasized that the coral host is the first 
damaged by reductions in salinity, resulting in morphological changes, tissue swelling, and 
necrosis (Van Woesik et al., 1995; Hoegh-Guldberg, 1999; Downs et al., 2009).  
 
1.2.7. Different susceptibility to environmental variables among reef-building corals 
 
There is a considerable variation in environmental tolerances among species, which can have 
a major influence on the community structure within sites (Brown, 1997a). It is clear that within 
many reefs experiencing bleaching events there are corals that retain their endosymbionts, 
providing interspersed patches of survival even among areas that experience widespread 
mortality (Page et al., 2019). A major factor influencing shifts in coral community structure is 
differential susceptibility of species to bleaching and their recovery capabilities following a 





Reef-building corals are not all equally susceptible to heat stress. Coral bleaching is 
characteristically patchy, while bleached corals lose most of their symbiotic zooxanthellae and 
appear white after relatively short heat stress exposure, adjacent colonies of the same, or 
another, species may display normal coloration for weeks or even months living in the same 
conditions on the same reef (Edmunds, 1994; Hoegh-Guldberg and Salvat, 1995; Marshall and 
Baird, 2000; Baker et al., 2008). Different susceptibility of corals to heat stress has been linked 
to colony morphology (Brandt, 2009), tissue-thickness (Hoegh-Guldberg and Salvat, 1995; 
Loya et al., 2001), colony size (Edmunds, 2005; Shenkar et al., 2005), polyp size (Jokiel and 
Coles, 1974; Darling et al., 2013), respiratory rates (Jokiel and Coles, 1990), mucus production 
rates (Fitt et al., 2009; Wooldridge, 2009), tissue concentration of fluorescent pigments (Salih 
et al., 1998), heterotrophic feeding capacity (Grottoli et al., 2006; Levas et al., 2013), the 
capacity to transfer mass and heat (Nakamura and Van Woesik, 2001), coral species (Hoegh-
Guldberg and Salvat, 1995; Marshall and Baird, 2000), species-specific physiology (Baird and 
Marshall 2002; Grottoli et al., 2014), coral gene expression (Barshis et al., 2013), genetic 
variation between coral populations from widely separated geographic regions (Coles et al., 
1976; Glynn et al., 1988; Rowan and Knowlton, 1995), clade of zooxanthellae (Rowan et al., 
1997; Berkelmans and Van Oppen, 2006; Cunning et al., 2016), and both cellular physiology 
and the strategies employed to mitigate oxidative stress (Regoli et al., 2000; Brown et al., 2002; 
Downs et al., 2002; Shick and Dunlap, 2002; Richier et al., 2005; Baird et al., 2009; Fitt et al., 
2009; Pontasch et al., 2014). The different stress response among corals with different colony 
morphology is leading to different mortality and consequent shifts in coral taxa dominance, 
with significant impact in the dynamics and structure of coral communities (Connell, 1997; 
Hughes and Tanner, 2000; Edmunds, 2005). The variability of corals response to heat stress 
has been reported numerous times (Yamazato, 1981; Glynn, 1983, 1988, 1990a, 1993; Cortés 
et al., 1984; Fisk and Done, 1985; Oliver, 1985; Brown and Suharsono, 1990; Gleason, 1993; 
Hoegh-Guldberg and Salvat, 1995; Fujioka, 1999; Kayanne et al., 1999; Marshall and Baird, 
2000; McClanahan, 2000; Wilkinson, 2000; Loya et al., 2001; Loch et al., 2002; McClanahan 
and Maina, 2003; McClanahan et al., 2004; Le Nohaïc et al., 2017). Fast-growing, branching 
coral species with high metabolic rates and thinner tissues (e.g. Acropora, Pocillopora, and 
Stylophora) are among the first to bleach, whereas slow-growing, massive coral species with 
low metabolic rates and thicker tissues (e.g. Porites, Favia, and Galaxea) are usually able to 
survive higher SSTs (usually another 1–2 ºC) before bleaching becomes visible (Loya et al., 
2001; Darling et al., 2012; Van Woesik et al., 2012). This hierarchy of susceptibility is 




corals may be more prominent on future reefs than branching corals, leading to changes in the 
community structure of reef-building corals and the extinction of some branching coral species.  
 
Different tolerance of scleractinian corals to low salinity has been linked to coral species 
(Moberg et al., 1997; Lirman and Manzello, 2009; Faxneld et al., 2010; Berkelmans et al., 
2012), colony morphology (Van Woesik et al., 1995; True, 2012), their polyp retraction 
response under osmotic stress (Muthiga and Szmant, 1987), mucus production rates (Van 
Woesik et al., 1995), and antioxidant strategies (Gardner et al., 2016). The composition of coral 
communities is the result from both the resilience of their constituent species exposed to 
recurrent and prolonged sub-lethal hyposaline conditions, and the vulnerability of species 
incapable of surviving such conditions. For instance, the massive coral species tend to be more 
tolerant to hyposaline bleaching than branching coral species (True, 2012). 
 
1.2.8.  Health assessment of reef corals 
 
In a changing climate, ecosystems where foundation species are susceptible to the effects of 
elevated temperatures are thus vulnerable to major reorganization, being characterized by 
reduced habitat complexity and disrupted ecosystem services (Ellison et al., 2005; Hoegh-
Guldberg and Bruno, 2010). The urgent need to assess the quality of marine ecosystems led to 
the development of several monitoring tools (Devin et al., 2014). Changes in community 
structure and measures of chemical contamination are frequently used to indicate ecosystem 
health status (Dustan and Halas, 1987; Hughes, 1994; Viarengo et al., 2000; Chase et al., 2001). 
Nevertheless, these represent damage manifestations rather than prognostic indices (Knap et 
al., 2002). Biomarkers are an example of responses that have provided valuable mechanistic 
information to scientists, allowing environmental managers’ action before damage 
manifestation has occurred. Nonetheless, the multi-biomarker approaches are generally hard 
to interpret and produce results that are not easy to integrate in the environmental policies 
framework (Beliaeff and Burgeot, 2002). To fill this gap, integrative indices have been 
developed, and one of the most used is the Integrated Biomarker Response (IBR, Beliaeff and 
Burgeot, 2002). The integration of biomarkers in health indices may provide comprehensive 
information about the biological effects of environmental variables in marine organisms 
(Marigómez et al., 2013) and may thus serve as valuable tools for environmental managers 
(Broeg and Lehtonen, 2006; Madeira et al., 2018). This tool can be combined with 




in marine organisms, as has been shown for tropical fish, crustaceans, and gastropods by 
Madeira et al. (2018). 
 
1.3. Aims and thesis layout 
 
This thesis focused on the effects of global (i.e. temperature) and localized (i.e. salinity) 
stressors altered by global climate change on reef coral communities of the Indo-Pacific region. 
Small fragments of nine Indo-Pacific reef-building coral species were submitted to several 
long-term heat and hyposaline treatments, as well as the combination of these environmental 
variables, in order to evaluate their effects at molecular, physiological, and organism levels of 
biological organization. Integrative indices for health assessment in reef corals under thermal 
stress were also tested and optimized. 
 
This investigation is critical to understand the differential vulnerability of reef-building coral 
species to global climate change and can help reveal future coral species dominance and 
decline, and determine future biodiversity shifts on coral reef ecosystems, so that conservation 
efforts can be more effective. 
 
The main aims of this thesis were to: 
a) Assess the different susceptibility of reef-building coral species to long-term exposure 
to high temperature and hyposaline conditions, both individually and combined, by 
evaluating the effect of these environmental variables on parameters at different levels 
of biological organization: organism level (total mortality, partial mortality, and coral 
condition according to the bleaching level), physiological level (growth rate and regen-
eration rate of tissue lesions artificially inflicted to mimic predation), and molecular 
level (analysis of biomarkers of oxidative stress: superoxide dismutase, catalase, and 
glutathione S-transferase activities and lipid peroxidation levels) for 60 days in small 
fragments of nine reef-building coral species of the Indo-Pacific region. Assessment of 
which species are most vulnerable and resistant to these stressors is highly important 
given the future climate change scenarios, it will allow to direct conservation efforts 
accordingly; 
b) Test and optimize two different approaches based on the use of IBR indices in order to 
assess the health of reef corals under long-term exposure to heat stress in a context of 




the molecular level (superoxide dismutase, catalase, and glutathione S-transferase ac-
tivities and lipid peroxidation levels), whereas the second one contains biomarkers at 
molecular, physiological, and organism levels (superoxide dismutase, catalase, and glu-
tathione S-transferase activities and lipid peroxidation levels; growth rate; partial mor-
tality). This multi-biomarker analysis may allow the application of approaches based 
on adequate sets of biomarkers in the monitoring of the effects of global warming in 
the Indo-Pacific oceans. 
 
This thesis comprises of 7 chapters, the first being a general view of the main themes related 
to coral community structure, climate change, and the structure of the present thesis; 
chapters 2 and 4 concern the assessment of the effects of long-term exposure to heat stress 
on parameters at different levels of biological organization (molecular, physiological, and 
organism levels) after colony fragmentation of nine reef-building coral species of the Indo-
Pacific region; chapters 3 and 5 concern the assessment of the effects of long-term exposure 
to both low salinity and the combination of high temperature + low salinity on parameters 
at different levels of biological organization (molecular, physiological, and organism 
levels) after colony fragmentation of nine reef-building coral species of the Indo-Pacific 
region; chapter 6 concerns the test and optimization of two different approaches based in 
IBR indices for health assessment in reef corals under global warming using parameters 
obtained on the chapters 2 and 4 relative to seven reef-building coral species; and chapter 
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Storms inflict damage to corals resulting in fragments that have the potential to regenerate thus 
contributing to the asexual reproduction of the parental colony. Extreme climatic events like 
these are predicted to increase in the future due to ocean warming, which is also the primary 
cause of coral reef bleaching and consequent coral mortality in the tropical and subtropical seas. 
This way it is urgent to investigate the differential effect of warming over post-fragmentation 
and regeneration processes among the scleractinian hermatypic coral species. This study 
investigated the mortality, growth and regeneration capacity of nine reef-forming coral species 
of the Indo-Pacific. Fragments were exposed to 26 °C, 30 °C, and 32 °C for 60 days. Half of 
these fragments was inflicted with one injury and the other half was used as control. Mortality, 
partial mortality, bleaching level, growth and regeneration of artificial injuries were assessed. 
Mortality increased with temperature, reaching 100% for most species after 60 days, at 32 ºC, 
but Psammocora contigua which showed remarkably lower mortality (40%) and all coral 
fragments of Turbinaria reniformis and Galaxea fascicularis survived the experiment. Partial 
mortality was lowest for P. contigua, T. reniformis, and G. fascicularis even at 32 ºC. These 
three coral species were also the most resistant to bleaching. Growth rates decreased with 
temperature, with the exception of G. fascicularis that maintained similar growth rates at 26 ºC 
and 30 ºC. Regeneration rates generally increased with temperature. It was concluded that P. 
contigua, T. reniformis, and G. fascicularis fragments show higher capacity to withstand higher 
temperatures. 
 















2.1. Introduction and literature review 
 
Corals are dominant species of tropical coral reef ecosystems and have a unique and complex 
symbiotic relationship with dinoflagellate microalgae (zooxanthellae), contained within their 
gastrodermal cells (Hoegh-Guldberg, 1999). The ability of scleractinian corals to deposit 
calcium carbonate skeletons and to generate the physically complex reef structure is attributed 
to these dinoflagellates (Meehan and Ostrander, 1997).  
 
Global climate change is leading to both rising sea surface temperatures and ocean acidification, 
jeopardizing coral reefs survival (Carpenter et al., 2008; Padilla-Gamiño et al., 2013). However, 
it has been shown by recent studies that the warming of tropical oceans is a much more 
imminent threat to coral reefs’ survival than is ocean acidification (e.g. Chua et al., 2013; Frieler 
et al., 2013). The reef-building corals that undergo bleaching have reduced growth rates and 
reproductive capacity (Szmant and Gassman, 1990; Baird and Marshall, 2002), impaired 
healing (Meesters and Bak, 1993), and increased susceptibility to disease (Harvell et al., 1999). 
Bleaching makes the host organism white due to a loss of symbionts, which allows the 
underlying skeleton to be visible (Baker et al., 2008). If thermal stress is sustained, this may 
result in widespread coral mortality (Szmant and Gassman, 1990; Brown et al., 2002). Mass 
bleaching episodes have the potential to dramatically change coral community structure 
(Gleason, 1993; Glynn, 1993) and in severe cases cause population collapse and local extinction 
(Aronson et al., 2000).  
 
An increase in the frequency and intensity of bleaching events is expected  (Eakin et al., 2009; 
Heron et al., 2016), given that sea temperatures surrounding coral reefs are projected to increase 
by 1 - 3.7 °C by the year 2100 (IPCC, 2014). Globally, thermally induced bleaching due to 
climate change was predicted to occur annually in most oceans by 2040 (Hoegh-Guldberg, 
1999; Crabbe, 2008; Van Hooidonk and Huber, 2009). Associated with ongoing increases of 
tropical sea surface temperatures (SST) are increases in the frequency and maximum intensity 
of categories 4 and 5 storms (0–25%), and increases in tropical cyclones rainfall rates (5–20%) 
(Christensen et al., 2013; IPCC, 2014).  
 
Due to wave action (Stimson, 1978), storm surge (Randall and Eldredge, 1977), and touristic 
activities (e.g. diving, snorkeling, and trampling, Davenport and Davenport, 2006) coral 




1982). Increased storminess should favor the ability to propagate effectively by fragmentation 
(Lasker, 1990). Many branching corals are routinely broken and scattered about during storms 
(e.g., Highsmith, 1980; Tunnicliffe, 1981). Asexual reproduction by fragmentation of plating 
and massive coral forms has also been noticed (Foster et al., 2007).  
 
Fragmentation of established colonies resulting in the formation of new coral colonies is known 
as an extremely important asexual mode of reproduction for many of the major reef-building 
corals (Highsmith, 1982; Bruno, 1998). Fragmentation by corals with high growth rates results 
in their domination of certain reef zones (Tunnicliffe, 1981), rapid growth of reefs on which 
these corals are abundant (Glynn et al., 1994), and rapid recovery from disturbances (Shinn, 
1976; Glynn and Fong, 2006). Fragmentation may be adaptive (Cook, 1979; Highsmith et al., 
1980; Highsmith, 1982), given that a considerable number of the most successful corals have 
incorporated fragmentation into their life histories. Asexual reproduction is probably the main 
process involved in the origin of new coral reefs (Glynn, 1993). 
 
There is interspecific variability in reef-building corals’ susceptibility to increased temperature 
(McClanahan et al., 2007; Seveso et al., 2014). Their susceptibility depends on colony 
morphotype (Brandt, 2009), tissue thickness (Loya et al., 2001), colony size (Shenkar et al., 
2005), the capacity to transfer mass and heat (Van Woesik and Jordán-Garza, 2011), coral 
species (Hoegh-Guldberg and Salvat, 1995; Marshall and Baird, 2000), genetic variation 
between coral populations from widely separated geographic regions (Coles et al., 1976; Glynn 
et al., 1988; Rowan and Knowlton, 1995), and the genetic constitution of the symbiotic 
microalgae (Symbiodinium spp.) (Rowan et al., 1997).  
 
In many coral bleaching reports, there is noticeable variation in the extent of bleaching, as some 
colonies remain pigmented but adjacent ones of the same or different species undergo bleaching 
(Rowan et al., 1997; Baker et al., 2008; Montano et al., 2010). These different susceptibilities 
lead to major structural shifts in coral communities (Ostrander et al., 2000; Aronson et al., 
2004), where hardier corals (i.e. massive and encrusting thick-tissued species) will eventually 
replace less resilient corals (i.e. branched and thin-tissued species) (Kayanne et al., 1999; Van 
Woesik et al., 2011). 
 
The aim of this work was to evaluate how elevated temperatures will affect the mortality, 




the Indo-Pacific oceans. Such an evaluation is crucial to understand the differential 
vulnerability of reef-forming coral species to global climate change. 
 
2.2. Materials and methods 
 
2.2.1. Study species 
 
This study evaluated nine Indo-specific coral species with contrasting morphologies: four 
branching species (Acropora tenuis, Pocillopora damicornis, Stylophora pistillata, and 
Psammocora contigua), three plating species, (Montipora capricornis brown morphotype 
(BM), Turbinaria reniformis, and Echinopora lamellosa), one encrusting species (Montipora 
capricornis green morphotype (GM)), and one massive species (Galaxea fascicularis). All 
coral colonies used in this study have been kept in captivity at Oceanário de Lisboa (Portugal) 
for several years, which gave us knowledge on their thermal history. These coral species were 
chosen in order to use the largest number of species available at Oceanário de Lisboa with 
different levels of bleaching susceptibility: severe (A. tenuis, P. damicornis, and S. pistillata), 
high (M. capricornis), moderate (E. lamellosa), and low (T. reniformis, G. fascicularis, and P. 
contigua) (Marshall and Baird, 2000), and different colony morphology, a characteristic that 
has been proven to have influence in coral species susceptibility to thermal stress (Loya et al., 
2001). Coral species identification was made according to Veron (2000). 
 
2.2.2. Acclimation conditions and experimental setup 
 
The experiments were conducted at Oceanário de Lisboa, Portugal (www.oceanario.pt). 
Twenty replicate fragments were cut from each coral colony using a pincer or a pair of pliers. 
For the branching coral colonies the fragments were cut approximately 20-40 mm in length and 
the fragments for the plate, encrusting and massive corals were obtained by cutting 
approximately 30 mm sided squares. A single colony per coral species was targeted in order to 
eliminate sources of variation from other factors that affect thermal susceptibility (DeSalvo et 
al., 2008) such as tissue thickness (Loya et al., 2001), genetic constitution of the symbiotic 
microalgae (Symbiodinium spp.) (Rowan et al., 1997), metabolic rates (Gates and Edmunds, 
1999), mucus production rates (Fitt et al., 2009), tissue concentration of fluorescent pigments 
(Salih et al., 1998), and thermal history (Brown et al., 2002). All fragments were placed over 





The live wet mass of each coral fragment was obtained by blotting it with a paper towel to 
remove excess seawater, then weighing it in air on an electronic balance to the nearest 0.01 g 
(Titlyanov et al., 2005). Each fragment was glued with epoxy putty to the top of a pre-weighed 
and numbered nylon expansion anchor. Placement of the fragment varied by morphology with 
the branching fragments in vertical position and the plating, encrusting and massive fragments 
placed in horizontal positions. Then, the set (coral fragment + anchor) was weighed to remove 
the epoxy putty weight off the calculations and placed back over egg crate panels in the coral 
stock aquarium. 
 
After one day in the coral stock aquarium, the sets were acclimated 1 °C per hour above the 
temperature of the coral stock aquarium (25.1 ± 0.4). Coral reef-flat communities can 
experience temperature changes of 1 °C hour-1 during spring tides (Berkelmans and Willis, 
1999), and most of the coral species in this study colonize the reef-flat zone (Brown and 
Suharsono, 1990), so we used this heating rate to be similar to the conditions that most of these 
corals would experience in their natural environment. In order to standardize, this heating rate 
was applied for all the coral species. The coral fragments were placed 2 cm apart from one 
another and arranged by coral species. Fragments were exposed to three temperature treatments: 
control 26 °C (26.1± 0.2 SD), 30 °C (30.2 ± 0.5 SD) and 32 °C (32.2 ± 0.5 SD) seawater 
temperatures during sixty days, with the duration of one, five and seven hours of acclimation, 
respectively. 
 
Ten coral fragments of each species were used as controls (undamaged) and the other ten 
fragments were inflicted with circular injuries designed to simulate damage by predators (Fig. 
SM2.1 in supplementary material), after being acclimated to the experimental aquarium. These 
artificial injuries were 3 mm in diameter and were done using a Dremel rotatory tool with a 
cutting disk. Only one injury was inflicted to each coral fragment in their middle section to 
avoid edge effects. After these procedures, all fragments were placed over two 40 x 40 cm egg 
crate panels suspended 15 cm below the water surface of the experimental aquarium. 
 
The experimental aquarium (400 L) was fitted with a sump (280L) filled with bioballs for 
biological filtration in which two Fluval M300 heaters, as well as a Hailea 500 chiller controlled 




provided a turnover rate of 5 times per hour. An AquaMedic Turboflotor 5000 Shorty protein 
skimmer helped keeping nutrient concentrations low and increased surface water motion in the 
aquarium was accomplished by using an AquaClear 110 powerhead. Lighting requirements 
similar to the coral stock aquarium were attained by using a Litpa Jet5 floodlight with an 
AquaMedic 400W HQi lamp (13000K) on a 12 h light/ 12 h dark cycle. An air-stone was used 
in the aquarium to ensure good oxygen concentrations. 
 
Photosynthetically Active Radiation (PAR) levels were measured with a spheric quantic sensor 
(LI-193SA) and a data logger (1400 model) and varied between 320-345 µE.m-2s-1 in the 400-
700 nm waveband. Water quality parameters such as water temperature, pH and salinity were 
measured on a daily basis. Water samples were also weekly analyzed to determine ammonium, 
nitrites, nitrates, calcium concentration as well as oxygen concentration and saturation and 
alkalinity. These parameters were maintained as follow: pH at 8.2-8.3, salinity at 33-33.5 psu, 
alkalinity approximately at 100 mg l-1, nitrites between 0.002 and 0.005 mg l-1, nitrates between 
0 and 2 mg l-1, calcium concentration between 389 and 401 mg l-1, oxygen saturation at 104% 
and oxygen concentration between 6.5 and 7.1 mg l-1. Salinity was maintained with daily 
balanced additions of reverse osmosis freshwater and filtered artificial seawater. Whenever 
alkalinity levels were below 100 mg l-1 sodium bicarbonate was added to the system. Aquarium 
cleaning routines were done as required to avoid algal growth, and these included expansion 
anchors cleaning with a toothbrush and egg crate replacement, at least 3 times a week. 
 
2.2.3. Analytical procedures 
 
2.2.3.1. Mortality assessments and bleaching level 
Mortality was quantified as the percentage of dead fragments and partial mortality was visually 
quantified by estimating the percentage of dead area in the coral fragments and put it into four 
classes: [0,25%[, [25,50%[, [50,75%[ and [75,100%]. The bleaching level of each coral species 
was visually assessed according to four categories: normal, pale, bleached and dead (Jokiel and 
Coles, 1974). Mortality and bleaching were assessed every 20 days until the end of the 








2.2.3.2. Growth rate measurements 
The coral fragments were weighted both in the first and last day of the experiment in order to 
calculate the growth rates for each coral fragment. The growth rate of the coral fragments was 
calculated using the formula 2.1: 
 
                              µ = ((𝑚₁ − 𝑚₀) (𝑚₀ ×  𝛥𝑡))  × 100⁄  
 
where, µ is the growth rate measured in % day-1, 𝑚0 is initial weight, 𝑚1 is the weight at the 
end of the experiment, and Δt is the time between the two measurements of weight (Brinkhuis, 
1985).  
 
2.2.3.3. Regeneration rate of injuries 
The size of the injury was measured immediately after their infliction and then every 20 days 
until the end of the experiment. Injury recovery was quantified by recording the diameter of 
each injury with a steel caliper calibrated in millimeters. The tissue regeneration rates (Ts) were 
obtained by calculating, the difference between the areas of the recovered surfaces (Ra) for any 
given interval (T1 and T0 in days), as follows (Cróquer et al., 2002), formula 2.2:  
 
𝑇𝑠 = [𝑅𝑎(𝑇₁ ) − 𝑅𝑎(𝑇₀ )] (𝑇₁ − 𝑇₀ )⁄  
 
2.2.4. Statistical analyses 
 
A permutational multivariate analysis of variance (PERMANOVA) based on Euclidean 
distances (Anderson, 2001) was used to test whether coral fragments’ mortality, partial 
mortality, growth and regeneration rates were affected by temperature and coral species. 
PERMANOVA was also used to test whether coral fragments’ mortality, partial mortality and 
growth rate were affected by the presence/absence of injury. Values of the pseudo-F statistic 
were computed using 9999 permutations. Analyses were performed using PERMANOVA+ for 
PRIMER v6 (PRIMER-E Ltd., Plymouth). As PERMANOVA is based on permutations it is 
more robust to the assumptions of ANOVA (Anderson, 2001). Post-hoc pair-wise comparisons 
were then performed using PERMANOVA to compare between temperature experiments and 








The presence/absence of injury had no effect on the mortality, partial mortality and growth rate 
of the fragment (PERMANOVA p > 0.05, Table 2.1) and therefore it was not considered as a 
factor in further analysis, with no separation between control and injured fragments. 
 
Table 2.1. Summary of results of PERMANOVA permutation tests applied to report the effects of temperature, coral species 
and presence/absence of injury in coral fragments’ mortality, partial mortality, growth and regeneration rates. Significant 
differences are marked a bold. 
 
  df SS MS Pseudo-F p(perm) 
  Mortality         
Temperature 2 6.9 × 10⁵ 3.5 × 10⁵ 5.98 × 10² 0.0001 
Coral species 8 5.4 × 10⁵ 6.7 × 10⁴ 1.17 × 10² 0.0001 
Injury 1 3.9 × 10² 3.9 × 10² 0.67 0.5537 
Temperature × Coral species 16 6.3 × 10⁵ 4.0 × 10⁴ 68.43 0.0001 
Temperature × Injury 2 3.0 × 10³ 1.5 × 10² 2.59 0.0193 
Coral species × Injury 8 6.8 × 10³ 8.5 × 10² 1.50 0.0749 
Temperature × Coral species × Injury 16 2.6 × 10⁴ 1.6 × 10³ 2.85 0.0001 
            
  Partial mortality         
Temperature 2 6.6 × 10⁵ 3.3 × 10⁵ 4.80 × 10² 0.0001 
Coral species 8 5.3 × 10⁵ 6.6 × 104 96.10 0.0001 
Injury 1 1.2 × 10³ 1.2 × 10³ 1.72 0.1610 
Temperature × Coral species 16 5.7 × 10⁵ 3.6 × 104 51.93 0.0001 
Temperature × Injury 2 1.9 × 10³ 9.5 × 10² 1.37 0.2282 
Coral species × Injury 8 6.3 × 10³ 7.9 × 10² 1.14 0.2918 
Temperature × Coral species × Injury 16 2.0 × 104 1.3 × 10³ 1.89 0.0009 
            
  Growth rate         
Temperature 2 26.0 13.0 3.21 × 10² 0.0001 
Coral species 8 25.0 3.1 77.35 0.0001 
Injury 1 7.9 × 10⁻⁴ 7.9 × 10⁻⁴ 1.94 × 10⁻² 0.8929 
Temperature × Coral species 8 11.1 1.4 34.38 0.0001 
Temperature × Injury 2 0.3 0.1 3.36 0.0367 
Coral species × Injury 8 0.7 8.7 × 10⁻² 2.15 0.0307 
Temperature × Coral species × Injury 8 0.5 6.3 × 10⁻² 1.56 0.1376 
            
  Regeneration rate         
Temperature 2 2.7 1.3 26.39 0.0001 
Coral species 8 6.2 0.8 15.35 0.0001 







2.3.1. Mortality and bleaching level 
 
2.3.1.1. Mortality 
Mortality was significantly affected by the independent effects of temperature and coral species 
(PERMANOVA p < 0.05, Table 2.1). There was also a significant effect of the interactions of 
temperature and coral species (PERMANOVA p < 0.05, Table 2.1). 
 
Coral fragments’ mortality presented significant differences among temperatures 
(PERMANOVA p < 0.05, Table 2.1.), with the exception of A. tenuis fragments that showed 
similar mortality between 26 ºC and 30 ºC (PERMANOVA pair-wise p > 0.05, Fig. 2.1a). 
 
 The fragments of A. tenuis presented mortality at both 26 ºC and 32 ºC, however, at 26 ºC they 
presented 10% mortality and maintained it stable until the end of the experiment (Fig. 2.1a). At 
30 ºC, A. tenuis did not show any mortality, whereas at 32 ºC it perished on the 60th day (Fig. 
2.1a). 
 
Acropora tenuis, P. damicornis, and S. pistillata had significantly greater mortality since the 
20th day (15% - 25%) than all other coral species at 32 ºC (PERMANOVA pair-wise p < 0.05, 
Fig. 2.1), but did not vary among each other (PERMANOVA pair-wise p > 0.05, Fig. 2.1a, g 









2.3.1.2. Partial mortality 
Partial mortality was significantly affected by the independent effects of temperature and coral 
species (PERMANOVA p < 0.05, Table 2.1). There was also a significant effect of the 
interactions of temperature and coral species (PERMANOVA p < 0.05, Table 2.1). 
 
Coral fragments’ partial mortality presented significant differences among temperatures 
(PERMANOVA p < 0.05, Table 2.1), with the exceptions of A. tenuis and T. reniformis 
fragments. A. tenuis showed similar partial mortality between 26 ºC and 30 ºC, whereas T. 
reniformis showed it among all temperatures (PERMANOVA pair-wise p > 0.05, Fig. 2.2a and 
d). 
 
The fragments of A. tenuis presented partial mortality in the [75,100] class at both 26 ºC and 32 
ºC, however, at 26 ºC they presented very low percentage and maintained it stable until the end 
of the experiment (Fig. 2.2a). At 30 ºC, A. tenuis only started to show partial mortality on the 
40th day, whereas at 32 ºC it started on the 20th day and with higher partial mortality (Fig. 2.2a). 
 
Acropora tenuis, P. damicornis, and S. pistillata had significantly greater partial mortality since 
the 20th day (20% - 25% in the [75,100] class) than all other coral species at 32 ºC 
(PERMANOVA pair-wise p < 0.05, Fig. 2.2), but did not vary among each other 
(PERMANOVA pair-wise p > 0.05, Fig. 2.2a, g and h).  
 
Montipora capricornis (GM) and E. lamellosa fragments presented intermediate levels of 
partial mortality when compared with the other coral species in study (PERMANOVA pair-
wise p < 0.05, Fig. 2.2), but did not vary among each other (PERMANOVA pair-wise p > 0.05, 
Fig. 2.2c and e). These coral species presented low percentage of partial mortality in the same 
class (5% and 30% in the [75,100] class on the 40th day for M. capricornis (GM) and E. 
lamellosa, respectively, Fig. 2.2c and e). 
 
Turbinaria reniformis and G. fascicularis fragments had significantly less partial mortality than 
all other coral species at 32 ºC (PERMANOVA pair-wise p < 0.05, Fig. 2.2), but did not vary 
between each other (PERMANOVA pair-wise p > 0.05, Fig. 2.2d and f). These coral species 
presented low percentage of partial mortality in the same class (5% and 15% in the [25,50[ class 




Figure 2.2. Partial mortality of the coral species’ fragments studied throughout the three temperature experiments separated in 




2.3.1.3. Bleaching level 
At 26 ºC, almost all the coral species remained with their normal coloration throughout the 60 
days experiment (Fig. 2.3). A. tenuis was the most sensitive species with 10% of their coral 
fragments dead by the 20th day of the experiment (Fig. 2.3a).  
 
At 30 °C, the fragments of A. tenuis, M. capricornis (GM), E. lamellosa, and G. fascicularis 
remained normal throughout the experiment (Fig. 2.3a, c, e and f). Seventy five percent of the 
fragments of M. capricornis (BM) and P. contigua were pale on the 60th day of experiment, 
whereas the ones of T. reniformis were completely paled on the 40th day (Fig. 2.3b, d and i). A 
decrease in the percentage of bleached fragments was evident in P. damicornis and S. pistillata 
fragments since the 20th day (80% and 5%, respectively) due to them succumbing to mortality 
that reached the 100% on the 60th day of the experiment (Fig. 2.3g and h). 
 
At 32 ºC, the coral species A. tenuis, M. capricornis (BM), M. capricornis (GM), E. lamellosa, 
P. damicornis, S. pistillata, and P. contigua increased in the bleaching level since the 20th day, 
whereas the coral species G. fascicularis only presented it since the 40th day, with all these 
species reaching the dead level, exception for G. fascicularis (Fig. 2.3a-c and e-i). The coral 











2.3.2. Growth rate 
 
In Table 2.2, not available (NA) indicates that the coral fragments of a specific coral species 
were dead before the end of a given temperature experiment. 
 
Temperature significantly impacted growth rates (PERMANOVA p < 0.05, Table 2.1.) with 
the highest growth rates of all coral species observed at 26 °C, except for G. fascicularis. This 
species growth rate was similar at 26 ºC and 30 ºC (PERMANOVA pair wise p > 0.05; Table 
2.2). Each of the other coral species showed significant intraspecific differences among 
temperatures (PERMANOVA pair wise p < 0.05), with the exception of P. contigua that had 
its growth rate impacted in the same way at 30 ºC and 32 ºC (PERMANOVA pair wise p > 
0.05; Table 2.2).  
 
At 26 ºC, A. tenuis and P. contigua had the highest growth rates (PERMANOVA pair wise p < 
0.05) (1.64 ± 0.38% day-1 and 1.54 ± 0.32% day-1, respectively; PERMANOVA pair wise p > 
0.05), whereas G. fascicularis displayed the lowest growth rates (0.28 ± 0.08% day-1, 
PERMANOVA pair wise p < 0.05; Table 2.2).  At 30 ºC, A. tenuis had the highest growth rates 
(0.57 ± 0.12% day-1, PERMANOVA pair wise p < 0.05), whereas E. lamellosa and M. 
capricornis (GM) displayed the lowest growth rates (PERMANOVA pair wise p < 0.05) (0.17 
± 0.06% day-1 and 0.14 ± 0.05% day-1, respectively; PERMANOVA pair wise p > 0.05; Table 
2.2). At 32 ºC, P. contigua had the highest growth rates (0.42 ± 0.10% day-1, PERMANOVA 
pair wise p < 0.05), whereas T. reniformis displayed the lowest growth rates (0.11 ± 0.06% day-














Table 2.2. Coral fragments’ average growth rate ± standard deviation in the three temperature experiments (% day-1). NA – 
not available 
Species 26 °C 30 °C 32 °C 
A. tenuis 1.64 ± 0.38 0.57 ± 0.12 NA 
M. capricornis (BM) 0.92 ± 0.20 0.34 ± 0.21 NA 
M. capricornis (GM) 0.79 ± 0.20 0.14 ± 0.05 NA 
T. reniformis 0.56 ± 0.33 0.24 ± 0.09 0.11 ± 0.06 
E. lamellosa 0.51 ± 0.36 0.17 ± 0.06 NA 
G. fascicularis 0.28 ± 0.08 0.28 ± 0.10 0.20 ± 0.09 
P. damicornis 1.23 ± 0.23 NA NA 
S. pistillata 0.76 ± 0.19 NA NA 
P. contigua 1.54 ± 0.32 0.41 ± 0.13 0.42 ± 0.10 
 
 
2.3.3. Regeneration rate 
 
In Table SM2.1 of the supplementary material, not available (NA) was used in the time points 
after regeneration of all the coral fragments for a given coral species and when the coral 
fragments died. 
 
Regeneration rate was significantly affected by the independent effects of temperature and coral 
species (PERMANOVA p < 0.05, Table 2.1). There was also a significant effect of the 
interactions of temperature and coral species (PERMANOVA p < 0.05, Table 2.1). 
 
Regeneration rates of M. capricornis (BM), G. fascicularis, and P. contigua increased from the 
26 ºC experiment (PERMANOVA pair wise p < 0.05, Table 2.3) to both 30 ºC and 32 ºC 
experiments (PERMANOVA pair wise p > 0.05, Table 2.3). A. tenuis regeneration rate only 
was significantly different between 26 ºC and 30 ºC, whereas S. pistillata showed it between 
30 ºC and 32 ºC (PERMANOVA pair wise p < 0.05, Table 2.3). T. reniformis and E. lamellosa 
regeneration rates were significantly different among all temperature experiments 
(PERMANOVA pair wise p < 0.05, Table 2.3), both M. capricornis (GM) and P. damicornis 
regeneration rates decreased significantly at 32 ºC (PERMANOVA pair wise p < 0.05, Table 
2.3). 
 
At 26 ºC, the fragments of S. pistillata presented the highest regeneration rates (0.65 ± 0.29 




presented by M. capricornis (BM), T. reniformis, and M. capricornis (GM) fragments 
(PERMANOVA pair wise p < 0.05) (0.24 ± 0.16 mm2 day-1, 0.16 ± 0.10 mm2 day-1 and 0.17 ± 
0.03 mm2 day-1 respectively; PERMANOVA pair wise p > 0.05; Table 2.3). At 30 ºC, G. 
fascicularis, S. pistillata, M. capricornis (BM), P. contigua, E. lamellosa, and P. damicornis 
had the highest regeneration rates (PERMANOVA pair wise p < 0.05) (0.73 ± 0.27 mm2 day-1, 
0.71 ± 0.32 mm2 day-1, 0.69 ± 0.21 mm2 day-1, 0.59 ± 0.27 mm2 day-1, 0.58 ± 0.27 mm2 day-1, 
0.50 ± 0.25 mm2 day-1 respectively; PERMANOVA pair wise p > 0.05), whereas M. capricornis 
(GM) displayed the lowest regeneration rates (0.16 ± 0.07 mm2 day-1, PERMANOVA pair wise 
p < 0.05, Table 2.3). At 32 °C, the fragments of E. lamellosa, G. fascicularis, and P. contigua 
had the highest regeneration rates (PERMANOVA pair wise p < 0.05) (0.84 ± 0.18 mm2 day-1, 
0.88 ± 0.48 mm2 day-1 and 0.63 ± 0.49 mm2 day-1, respectively; PERMANOVA pair wise p > 
0.05, Table 2.3), whereas P. damicornis and M. capricornis (GM) displayed the lowest 
regeneration rates (PERMANOVA pair wise p < 0.05) (0.13 ± 0.02 mm2 day-1 and 0.09 ± 0.07 
mm2 day-1, respectively; PERMANOVA pair wise p > 0.05, Table 2.3). 
 
Table 2.3. Coral fragments’ average regeneration rate ± standard deviation in the three temperature experiments (mm2 day-1) 
measured until complete regeneration or the last time point they were still alive. For more information see supplementary 
material. 
Species 26 °C 30 °C 32 °C 
A. tenuis 0.23 ± 0.09 0.42 ± 0.22 0.30 ± 0.14 
M. capricornis (BM) 0.24 ± 0.16 0.69 ± 0.21 0.51 ± 0.27 
M. capricornis (GM) 0.17 ± 0.03 0.16 ± 0.07 0.09 ± 0.07 
T. reniformis 0.16 ± 0.10 0.35 ± 0.16 0.52 ± 0.16 
E. lamellosa 0.30 ± 0.11 0.58 ± 0.27 0.84 ± 0.18 
G. fascicularis 0.30 ± 0.06 0.73 ± 0.27 0.88 ± 0.48 
P. damicornis 0.40 ± 0.13 0.50 ± 0.25 0.13 ± 0.02 
S. pistillata 0.65 ± 0.29 0.71 ± 0.32 0.46 ± 0.13 
P. contigua 0.22 ± 0.10 0.59 ± 0.27 0.63 ± 0.49 
 
 
2.4. Discussion and conclusions 
 
Acropora tenuis, P. damicornis, and S. pistillata had the highest susceptibility to thermal stress 
during the study, displaying more bleaching and tissue loss early in the experiment compared 
to other species. In field studies, branching acroporids (e.g. Acropora spp.) and pocilloporids 
(e.g. Pocillopora damicornis and Stylophora pistillata) are the taxa most sensitive to bleaching 
stress, usually suffering high mortality, particularly in the Indo-Pacific (Fujioka, 1999; Marshall 




the end of the 32 ºC experiment, and both G. fascicularis and P. contigua only presented it at 
the end of the 32 ºC experiment, indicating that these coral species fragments are most resistant 
to thermal stress than the other coral species fragments in study. In the field, Turbinaria, 
Galaxea, and Psammocora are considered resistant to bleaching displaying low mortality when 
compared with other taxa, with their unbleached colonies generally surrounded by bleached 
colonies of other taxa (Marshall and Baird, 2000; Stimson et al., 2002; Bhagooli and Hidaka, 
2003).  
 
The discoloration evidenced by the corals in this study resulted from either the loss of their 
zooxanthellae, the degradation of their photosynthetic pigments, or a combination of both, with 
the extent of their bleaching and ultimately their mortality possibly being considered as good 
stress indicators (Glynn, 1993; Hoegh-Guldberg, 1999). At 30 ºC, the coral species M. 
capricornis (BM), T. reniformis, and P. contigua showed color attenuation although never 
reaching the bleached level, whereas P. damicornis and S. pistillata reached the bleached level 
and complete mortality. These findings make us consider that M. capricornis (BM), T. 
reniformis, and P. contigua fragments probably presented higher levels of stress at 30 ºC than 
at 26 ºC, displayed as color attenuation at 30 ºC, and that P. damicornis and S. pistillata are 
highly susceptible to thermal stress since they were the only ones with bleached fragments and 
complete mortality at 30 ºC over the course of 60 days. At 32 ºC, most of the coral species died, 
except for T. reniformis, G. fascicularis, and P. contigua, however, the time interval in which 
they reached complete mortality varied interspecifically. T. reniformis and G. fascicularis 
showed no mortality throughout all the experiment and only 40% of P. contigua fragments were 
dead at the end of this experiment. These findings make us consider these three species as highly 
tolerant to thermal stress due to their null or low mortality over the course of 60 days. The 
bleaching level of all coral species was highest at 32 ºC. This can be explained by the higher 
thermal stress present at higher temperatures (Glynn, 1984; Goreau et al., 2000).  
 
The hierarchy of species susceptibility to thermal stress presented here: (A. tenuis, P. 
damicornis, S. pistillata) > M. capricornis (BM) > (M. capricornis (GM), E. lamellosa) > P. 
contigua > (T. reniformis, G. fascicularis) is in accordance to the ones observed in other studies 
with species of the Indo-Pacific (Marshall and Baird, 2000; Stimson et al., 2002). 
 
According to our results, coral survival declined significantly at 32 °C with an increase in 




and 30 ºC.  A probable explanation could be related to corals’ bleaching temperature threshold, 
which in many regions is close to 31 °C (Glynn, 1984; Goreau et al., 2000), thus confirming 
the high bleaching level and mortality observed at 32 ºC. Our results are also in accordance 
with those of Stimson et al. (2002) who reported high mortalities for Acropora spp., Pocillopora 
damicornis, and Stylophora pistillata and low mortalities for Turbinaria spp., Galaxea 
fascicularis, and Psammocora contigua during the bleaching event of late summer 1998 in 
northern Okinawa. 
 
At 32 ºC, G. fascicularis fragments acquired a lighter coloration than their typical red-brown 
coloration. This discoloration was most obvious on the coenosarc between the corallites, while 
individual polyps remained with their red-brown coloration. In these flat surfaces of tissue, the 
algae are likely to experience the cumulative effects of highest light intensities and elevated 
temperature, while the algae situated in the base of a polyp or in the tentacles might experience 
shading by the coral’s tissue and skeleton or other algae (Brown et al., 1995). In the last twenty 
days of this experiment, the fragments of G. fascicularis changed to white with yellow 
fluorescent polyps possibly due to the presence of fluorescent pigments in the coral that 
enhanced its bleaching resistance (Salih et al., 2000). 
 
Our results show that the cause of bleaching in these coral species might probably be an 
interaction between water temperature and the amount of time above their bleaching threshold, 
rather than just having temperatures above their bleaching threshold (Fitt et al., 2001; 
McClanahan et al., 2001). In particular, there was a pronounced difference among these coral 
species in the time necessary to respond to thermal stress. The most likely explanation for this 
phenomenon is the existence of differences in interspecific respiration rates. Faster-growing 
species, such as the Acropora spp., are generally assumed to have a higher respiration rate than 
the slower-growing massives, and a high correlation between respiration rate and coral 
susceptibility to thermal stress has long been recognized (Jokiel and Coles, 1990; Gates and 
Edmunds, 1999).  
 
Another explanation for the time taken for the different coral species in this study to respond to 
thermal stress might be related with the fact that colony morphology also influences coral 
vulnerability to bleaching. Branching pocilloporids (Stylophora pistillata, Pocillopora 
damicornis) and staghorn corals (Acropora spp.) are cited in many studies, both in experimental 




2001), as being morphologies severely damaged by thermal stress (Brown and Howard, 1985; 
Hoegh-Guldberg and Salvat, 1995). These corals bleach more often than massive and 
encrusting growth forms (Marshall and Baird, 2000; Loya et al., 2001; McClanahan et al., 
2002). However, other factors must also be considered such as tissue thickness (Loya et al., 
2001), density of zooxanthellae or the weight of tissue per unit coral surface area (Stimson et 
al., 2002), the clade of Symbiodinium spp. (Magalon et al., 2007), taxa or coral phylogeny 
(McClanahan et al., 2004), density of fluorescent tissue pigment granules (FPG; Salih et al., 
2000), and colony integration (Baird and Marshall, 2002). Previous studies have identified 
Turbinaria reniformis, Galaxea fascicularis, and Psammacora contigua as tolerant species to 
thermal stress (Yamazato, 1981, 1999; Marshall and Baird, 2000), which the results of this 
study support. Although P. contigua has branching morphology, it was reported to have high 
densities of zooxanthellae in comparison with the densities of other branching genera such as 
Pocillopora, Acropora, Stylophora (Stimson et al., 2002). 
 
Growth rate has been cited as one of the best quantitative measures to test stress due to a 
disturbance, since this parameter integrates a variety of physiological processes (Birkeland et 
al., 1976; Muscatine, 1990; Pratchett et al., 2015). In the fragments of acroporid species 
(Acropora tenuis and Montipora capricornis) it was possible to observe the spread of the basal 
tissue over the epoxy putty or the bare skeleton following its contour, known as fast self-
attachment after transplantation (Guest et al., 2011), whereas in the fragments of T. reniformis, 
E. lamellosa, and G. fascicularis no self-attachment was observed, as their growth occurred by 
horizontal extension of its margins. Also, the growing of several new branches in the fragments 
of S. pistillata was observed. This may happen as a way of S. pistillata to re-acquire the colony 
symmetry lost after its separation, which is a known characteristic of this species’ colonies 
(Rinkevich, 2000). 
 
According to our results, coral fragments’ growth rates decreased with increasing temperature, 
which is in accordance with physiological data showing an accentuated decline in coral growth 
at temperatures only a few degrees above optimum levels (Berkelmans and Willis, 1999).  In 
all temperature experiments, A. tenuis and P. contigua presented the highest growth rates, with 
the exception of A. tenuis at 32 ºC that died.  Assuming that plate and massive morphologies 
grow slower than branched ones (Guest et al., 2011), the lower growth rates of G. fascicularis 
at 26 ºC, M. capricornis (GM) and E. lamellosa at 30 ºC and T. reniformis at 32 ºC can thus be 




differences at 26 ºC and 30 ºC, suggesting that this coral species is resistant to thermal stress. 
All the other species presented significant differences at 26 ºC and 30 ºC, this probably is a 
result of thermal stress at 30 ºC, where their growth rates were lower (Szmant and Gassman, 
1990; Fine et al., 2002). The fragments of P. contigua did not present significant differences at 
30 ºC and 32 ºC, which means that although this coral species had shown severe visual signs of 
stress at 32 ºC, its growth rate was affected in the same way at these temperatures. 
 
The ability of corals to regenerate from injuries is crucial to their survival from disturbances 
such as hurricanes and predators since poor regenerative ability can lead to a reduction in colony 
fitness (Hall, 1997).  Coral fragments’ regeneration rate differed with temperature. The coral 
species A. tenuis, M. capricornis (BM), T. reniformis, E. lamellosa, G. fascicularis, and P. 
contigua  seem to benefit with the increase in temperature as their regeneration rates increased 
with temperature, thus confirming the assumption that an increase in water temperatures 
accelerates coral fragments’ metabolism and, as long as their specific stress levels were not 
attained, their regeneration rates will be greater at higher temperatures (Coles and Jokiel, 1977; 
Kramarsky-Winter and Loya, 2000). Having this in mind, the coral species M. capricornis 
(GM), P. damicornis, and S. pistillata might have presented their highest stress levels at 32 ºC 
where they showed their lowest regeneration rates. 
 
Hall (1997) ranked the regenerative ability of eleven different coral species according to their 
morphologies (arborescent > bushy > tabular > massive > submassive). Our study results were 
not in accordance with those of Hall (1997), probably because the experimental conditions were 
different. Hall’s work was developed in natural environment whereas ours was developed in 
laboratory. In natural conditions, corals are exposed not only to changes of other environmental 
variables (e.g. salinity (Faxneld et al., 2010), solar radiation (Lesser and Farrell, 2004), 
sedimentation and turbidity (Browne, 2012), aerial exposure (Teixeira et al., 2013), water flow 
(Lenihan et al., 2008)), but also to competition (Baird and Hughes, 2000), predation (Rotjan 
and Lewis, 2008), algal over growth (Diaz-Pulido et al., 2009), and continuous colony 
overturning (Campbell et al., 2007)), which in the present study were controlled. Also, the fact 
that in this study we used small fragments instead of large colonies, the use of different coral 
species, the ratio diameter of injury/coral area was much higher than the one used in this study, 
and Hall (1997) made observations for a longer period of time which would allow for more 
healing time of the injured corals (74 days instead of 60 days). All these factors are known to 





Differential susceptibility and mortality among species can exert a major influence on coral 
community structure (Pratchett, 2001). According with the results obtained in this study, it is 
expected that the coral species T. reniformis, G. fascicularis, and P. contigua will be more 
resistant to high temperature and bleaching episodes and thus becoming more important in 
terms of coral cover. Nevertheless, it is important to have in consideration that the more fragile 
and thermal susceptible coral species tend to be fast-growing species (Marshall and Baird, 2000; 
McClanahan et al., 2004) and that in some bleaching episodes it has been observed that more 
resistant coral species did not increase in absolute density and cover through time because they 
are often slow-growing species (Van Woesik et al., 2011; Guest et al., 2016). 
 
On the other hand, other disturbances present in their natural habitat need to be taken into 
account, such as predation (Pratchett, 2001), competition (Baird and Hughes, 2000) and 
extreme events (e.g. tropical cyclones, Fabricius et al., 2008) that, like bleaching episodes, 
affect with greater magnitude fast-growing coral species. As a result, mortality of thermal 
susceptible species, often numerically dominant, may promote the coexistence of a higher 
number of species unless the increase in frequency of bleaching episodes causes local 
eradication or prevents susceptible species from resettle (Loya et al., 2001; McClanahan and 
Maina, 2003). Thus, although T. reniformis and G. fascicularis are slow-growing coral species, 
it is expected that these resistant species will become dominant. Although P. contigua is a fast-
growing coral species, it showed a high ability to resist to thermal stress and it is expected to 
increase in coral cover and subsequent dominance faster than T. reniformis and G. fascicularis. 
This pattern of recovery was observed in other studies (Brown and Suharsono, 1990; Baird and 
Marshall, 2002). 
 
Another aspect to have into account is the ability of corals to adapt to recurrent thermal stress, 
which occurs through the selective removal of highly susceptible genotypes, followed by 
reproduction and successful recruitment of corals with higher photoprotective defense (influx 
of coral colonies with thermal tolerance) (Penin et al., 2013; Pratchett et al., 2013). It was 
observed in several studies that such adaptation may result in a reverse of the normal hierarchy 
of bleaching susceptible coral species (Guest et al., 2016; Carroll et al., 2017). Nevertheless, 
gradual adaptation to increased temperatures by coral assemblages in the Indo-Pacific can easily 




disturbances (e.g. Acanthaster planci outbreaks, Adjeroud et al., 2005) and may have altogether 
different selective forcing on coral population and communities (Pratchett et al., 2013). 
 
Having in account that this study was made with colonies coming from the same mother colony, 
meaning low genetic variability, it is important to consider that some results may vary with 
those in future studies. 
 
In conclusion, long-term exposure to 32 °C was beyond the bleaching resistance capacity of the 
majority of the corals. A. tenuis, P. damicornis, and S. pistillata were the most affected by 
thermal stress, which may result in these species becoming less important in terms of coral 
cover in coral reef communities subjected to successive bleaching episodes, whereas the coral 
species T. reniformis, G. fascicularis, and P. contigua, due to their greater ability to resist to 
successive bleaching episodes as to other natural and anthropogenic stressors and disturbances, 
are likely to show greater capacity to withstand higher temperatures and might thus become 
more important in terms of coral cover. Nevertheless, P. contigua may increase in coral cover 
and subsequent dominance faster than T. reniformis and G. fascicularis. This knowledge may 
have ecological implications in coral reef conservation and management, as well as in the 
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Table SM2.1. Regeneration rate (RR), number of coral fragments not regenerated (NR), regenerated (R) and dead (D) of each coral species (At - Acropora tenuis; Mc B - Montipora capricornis 
(brown morphotype); Mc G - Montipora capricornis (green morphotype); Tr -Turbinaria reniformis; El - Echinopora lamellosa; Gf - Galaxea fascicularis; Pd - Pocillopora damicornis; Sp - 
Stylophora pistillata; Pc - Psammocora contigua) for period of time in days (20, 40, 60) and temperature experiment (26 °C, 30 °C, 32 °C). NA – not available. 
 
  
26 °C 30 °C 32 °C 
  20 40 60 20 40 60 20 40 60 
Species RR NR R  D RR NR R  D RR NR R  D RR NR R  D RR NR R  D RR NR R  D RR NR R  D RR NR R  D RR NR R  D 
At 0.24 ± 0.09 2 6 2 0.12 ± 0.05 0 8 2 NA 0 8 2 0.43 ± 0.23 2 8 0 0.27 ± 0.11 0 10 0 NA 0 10 0 0.30 ± 0.14 5 5 0 NA 0 1 9 NA 0 0 10 
Mc B 0.29 ± 0.16 8 2 0 0.14 ± 0.10 5 5 0 0.11 ± 0.05 1 9 0 0.72 ± 0.21 2 8 0 0.41 ± 0.39 0 10 0 NA 0 10 0 0.51 ± 0.27 5 5 0 NA 0 0 10 NA 0 0 10 
Mc G 0.16 ± 0.07 10 0 0 0.18 ± 0.09 10 0 0 0.15 ± 0.09 3 7 0 0.24 ± 0.14 10 0 0 0.09 ± 0.05 10 0 0 0.23 ± 0.13 8 2 0 0.11 ± 0.07 10 0 0 0.08 ± 0.08 10 0 0 NA 0 0 10 
Tr 0.19 ± 0.14 9 1 0 0.11 ± 0.11 6 4 0 0.09 ± 0.08 3 7 0 0.34 ± 0.28 8 2 0 0.33 ± 0.22 0 10 0 NA 0 10 0 0.52 ± 0.16 0 10 0 NA 0 10 0 NA 0 10 0 
El 0.23 ± 0.14 9 1 0 0.34 ± 0.13 0 10 0 NA 0 10 0 0.58 ± 0.27 3 7 0 0.55 ± 0.71 1 9 0 0.13 ± 0.00 1 9 0 0.84 ± 0.18 0 10 0 NA 0 10 0 NA 0 0 10 
Gf 0.33 ± 0.18 10 0 0 0.29 ± 0.11 3 7 0 0.16 ± 0.09 0 10 0 0.91 ± 0.46 3 7 0 0.29 ± 0.22 1 9 0 0.09 ± 0.00 0 10 0 0.96 ± 0.55 5 5 0 0.43 ± 0.22 1 9 0 0.16 ± 0.00 1 9 0 
Pd 0.40 ± 0.13 0 10 0 NA 0 10 0 NA 0 10 0 0.50 ± 0.25 1 9 0 NA 0 1 9 NA 0 0 10 0.13 ± 0.02 2 4 4 NA 0 0 10 NA 0 0 10 
Sp 0.65 ± 0.28 1 9 0 0.24 ± 0.00 0 10 0 NA 0 10 0 0.67 ± 0.38 2 8 0 0.54 ± 0.14 0 9 1 NA 0 0 10 0.46 ± 0.13 0 8 2 NA 0 0 10 NA 0 0 10 










Synergistic effects of warming and lower 


































Tropical storms produce competent self-regenerating coral fragments capable of originating 
new coral colonies. These climatic events are predicted to increase in the future due to ocean 
warming, the main cause of coral bleaching. Estimated increases in precipitation will affect 
salinity at shallow reef areas which combined with ocean warming will aggravate the effects of 
coral bleaching. In this study the long-term effects of increased temperature (30 ºC), low salinity 
(20 psu) and the combination of these stressors were investigated and compared to the control 
treatment (26 ºC, 33 psu). Mortality, condition, growth, and regeneration ability of nine Indo-
Pacific reef-forming coral species were assessed, for 60 days. The coral colonies used were 
kept in captivity for several years, providing information on their thermal and salinity history. 
Twenty replicate fragments were cut from each coral species’ colony, weighed and glued to the 
top of a numbered expansion anchor and then acclimated to the experimental aquarium. Half 
of these fragments was inflicted with one circular injury in order to test its effects on mortality, 
condition, and growth rate and also to estimate tissue regeneration rates. The results showed 
that mortality rate was highest in the high temperature + low salinity treatment, reaching 100% 
for seven out of the nine coral species, in the first six days of experiment, 100% for Psammocora 
contigua on the 40th day and 75% for Galaxea fascicularis on the 60th day of experiment. Partial 
mortality was lowest for P. contigua and G. fascicularis in the low salinity treatment. These 
two coral species also presented the best coral condition. Coral fragments growth rates 
decreased as temperature increased and salinity decreased except for G. fascicularis fragments 
that showed similar growth rates at 26 ºC and 30 ºC for both salinities. Regeneration rates 
increased with temperature being highest in the high temperature treatment and lowest at 20 
psu. It was concluded that G. fascicularis and P. contigua are the most resilient to low salinity. 
G. fascicularis fragments were the only ones that withstood the synergistic effects of high 
temperature and low salinity and are likely to become dominant through asexual reproduction 
in the Indo-Pacific coral reefs in a warmer ocean, especially in coastal areas prone to low 
salinity episodes. 
 
Keywords: global climate change, high temperature, low salinity, synergistic effects, heat 




3.1. Introduction and literature review 
 
Coral reefs are one of the largest and most diverse reservoirs of biodiversity throughout the 
world (Baker et al., 2008; Prada et al., 2010). Scleractinian corals are the dominant taxonomic 
group of tropical coral reef ecosystems, as their association with symbiotic intracellular 
dinoflagellate (zooxanthellae, Symbiodinium spp.) (Hoegh-Guldberg, 2011) is responsible for 
the high productivity and structural complexity of coral reefs (Bruno and Bertness, 2001; Idjadi 
and Edmunds, 2006). Coral reefs worldwide are among the most vulnerable ecosystems to 
global climate change (Hughes et al., 2003; West and Salm, 2003; Hoegh-Guldberg et al., 
2007). Climate change is leading to rising sea surface temperatures, low seawater salinities, and 
ocean acidification (Hughes et al., 2003; Hoegh-Guldberg et al., 2007; Faxneld et al., 2010; 
IPCC, 2014) compromising scleractinian corals’ growth and mortality (Carpenter et al., 2008; 
Padilla-Gamiño et al., 2013). Currently, one-third of reef-building corals experience high 
extinction risk from climate change (Carpenter et al., 2008). 
 
Coral bleaching episodes are strongly associated with sustained and anomalously high sea 
surface temperatures (Jokiel and Coles, 1974; Hoegh-Guldberg, 1999; Loya et al., 2001; 
McClanahan et al., 2009). Bleaching episodes can also be triggered by a range of other 
environmental stress factors, including salinity (Wild et al., 2011). Localized coral bleaching 
events due to low seawater salinities at shallow reef areas (Kerswell and Jones, 2003), following 
intensive rainfall during tropical storms, have been reported throughout the world (Goreau, 
1964; Coles and Jokiel, 1992; Jokiel et al., 1993; Van Woesik et al., 1995; Blakeway, 2004). 
These events’ effects may be exacerbated during episodes of elevated seawater surface 
temperatures (Xiubao et al., 2009; Faxneld et al., 2010).  
 
Coral bleaching is a stress reaction that describes the morphological changes that occur during 
the breakdown of the coral-zooxanthellae association (Glynn, 1991; DeSalvo et al., 2008). 
Upon bleaching, corals lose a considerable number of their zooxanthellae and/or photosynthetic 
pigments per algal cell (Glynn, 1993; Hoegh-Guldberg, 1999), giving the colony a white 
appearance (Brown, 1997). As healthy corals normally supplement their metabolism through 




culminates in significant reductions in zooxanthellae photosynthesis accompanied by drastic 
changes in physiology (Lesser and Shick, 1989, Muscatine et al., 1991). Therefore, bleached 
corals usually decrease skeletal calcification rate (Leder et al., 1991), tissue regeneration ability 
(Meesters and Bak, 1993), growth rates and reproductive capacities (Szmant and Gassman, 
1990; Baird and Marshall, 2002), as well as increased susceptibility to disease (Harvell et al., 
1999). If a heat stress event is prolonged or particularly severe it may result in partial or 
complete coral mortality (Brown et al., 2002; Jones, 2008; Hoegh-Guldberg, 2011; Wooldridge, 
2014). On the other hand, when corals survive the heat stress event and the stress has ended, 
the symbiotic association can be re-established and their physiology may be restored (Grottoli 
et al., 2014; Schoepf et al., 2015). Mass coral bleaching episodes are responsible for live coral 
cover depletion in many parts of the world (Aronson et al., 2002; Bruno and Selig, 2007; Baker 
et al., 2008; Burt et al., 2011), resulting in reef community structure shifts that reduce 
biodiversity in the marine tropics (Baker et al., 2008; Eakin et al., 2009; Norström et al., 2009; 
Schutte et al., 2010).  
 
Average sea temperatures surrounding coral reefs are projected to increase by 1– 3.7 °C by the 
end of the century (IPCC, 2014, 2018), as are the frequency and severity of thermally induced 
coral bleaching events in most tropical oceans (Crabbe, 2008; IPCC, 2014, 2018). Globally, 
thermally induced bleaching is projected to occur annually in most oceans within 20–40 years 
(Crabbe, 2008; Császár et al., 2010). Warmer seas are likely to drive more intense and frequent 
tropical storms (hurricanes, cyclones, typhoons) (Walsh and Ryan, 2000; Hughes et al., 2003; 
Emanuel, 2005) with larger peak wind speeds and heavier precipitation (Emanuel 2005; IPCC 
2014). The frequency and maximum intensity of categories 4 and 5 storms are also expected to 
increase (0–25%) besides an increase in tropical cyclones rainfall rates (5–20%) (Christensen 
et al., 2013; IPCC, 2014), which may lead to drastic changes in inshore salinity levels (Milly et 
al., 2002; Haapkylä et al., 2011).  
 
Coral community maintenance, repopulation, and recovery are greatly dependent on both 
sexual and asexual reproductive processes (Glynn et al., 2017). While sexually produced larvae 
may establish highly dispersed and genetically diverse populations, asexual recruitment through 
fragmentation or fission may allow rapid expansion of a population locally and enable the 




2006), or assist in the colonization of habitats unfavorable for larval settlement (Heyward and 
Collins, 1985). The ratio of sexual and asexual recruitment is expected to change over the 
geographic range of a species, depending on the frequency of sexual recruitment, genet 
longevity (Coffroth and Lasker, 1998), and disturbance effects (e.g. ENSO events, global 
warming, tropical storms, Baums et al., 2006). Under current changes in climatic conditions 
and unparalleled anthropogenic disturbance to reef ecosystems, the success of sexual 
reproduction may be low (Hoegh-Guldberg, 2004; Albright and Mason, 2013; Levitan et al., 
2014). This way, a rapidly changing environment may favor alternative asexual mechanisms of 
propagation.  
 
Tropical storms are favorable to the propagation and expansion of branching coral forms by 
asexual reproduction of storm-generated fragments across the reef (Highsmith et al., 1980; 
Tunnicliffe, 1981; Highsmith, 1982; Lirman, 2000), which later re-attach to the substrate, 
growth and form a new colony (Foster et al., 2007). Asexual reproduction by fragmentation of 
plate and massive coral forms has also been noticed (Highsmith, 1980; Foster et al., 2007, 
2013). Over the long term, fragmentation can decrease the risk of genotype mortality through 
the spatial separation of the fragments (Harper, 1977; Hughes, 1983). Given the current 
predictions of more frequent and intense storms it is reasonable to assume that coral asexual 
reproduction will increase through coral fragmentation.  
 
Rapid coral fragments’ recovery is attained when asexual reproduction and regeneration are 
possible (Highsmith, 1982). Following disturbance, the production of new colonies by 
fragmentation of existing colonies is considered to be a primary mode of reproduction and local 
distribution among major reef-building corals (Pearson, 1981; Tunnicliffe, 1981; Highsmith, 
1982; Connell and Keough, 1985; Bruno, 1998). Asexual regeneration after fragmentation 
prevails in reef communities as it is observed in many coral species (Tunnicliffe, 1981; Fong 
and Glynn, 2000; Glynn and Fong, 2006). Fragmentation may also be adaptive, since it has 
been incorporated into the life history of a considerable number of the most successful 





There is a noticeable variation in the extent of bleaching, both within and between coral colonies 
on a reef (Hoegh-Guldberg and Salvat, 1995; Marshall and Baird, 2000). Interspecific 
variability in reef-building corals susceptibility to heat stress can depend on the zooxanthellae 
clades (Rowan et al., 1997), colony morphology (Lang et al., 1992; Dias et al., 2018), tissue 
thickness (Hoegh-Guldberg, 1999; Loya et al., 2001), colony size (Edmunds, 2005; Shenkar et 
al., 2005), metabolic rates (Gates and Edmunds, 1999), mucus production rates (Fitt et al., 2009; 
Wooldridge, 2009), tissue concentration of fluorescent pigments (Salih et al., 1998), seasonality 
(Scheufen et al., 2017), heterotrophic feeding capacity (Grottoli et al., 2006; Levas et al., 2013), 
and coral species (Marshall and Baird, 2000; Dias et al., 2018). In addition, different tolerance 
of scleractinian corals to low salinity depends on coral species (Moberg et al., 1997; Lirman 
and Manzello, 2009; Faxneld et al., 2010; Berkelmans et al., 2012), colony morphology (Van 
Woesik et al., 1995; True, 2012), and their polyp retraction response under osmotic stress 
(Muthiga and Szmant, 1987). Nevertheless, not all the different descriptors proposed to explain 
the different susceptibility of scleractinian corals to both heat and hyposaline stressors are truly 
sustained by experimental evidence. 
 
This differential tolerance of scleractinian corals to the effects of heat and hyposaline stressors 
may lead to dramatic changes in the community structure of coral reefs (Loya et al., 2001; True, 
2012), however, few studies have been conducted on the combined effects of temperature and 
salinity on scleractinian corals (Coles and Jokiel, 1978; Hoegh-Guldberg and Smith, 1989; 
Porter et al., 1999; Xiubao et al., 2009; Faxneld et al., 2010), and only Xiubao et al. (2009) 
estimates their long-term effects (10 days). In addition, these studies only include one to two 
coral species with no contrasting morphologies. 
 
In order to evaluate the effects of global (i.e. temperature) and localized (i.e. salinity) stressors 
altered by global climate change on reef coral communities, we submitted nine reef-building 
corals to high temperature (30 ºC), low salinity (20 psu), and their combination compared to 
control treatment (26 ºC, 33 psu) for 60 days and assessed how these environmental parameters 
affected their mortality, condition, growth, and regeneration ability. To our knowledge, this is 
the first study to assess the long-term effects of high temperature and low salinity on the 
mortality, coral condition, growth and regeneration post-fragmentation in nine common and 




hypothesize that (i) mortality, condition, growth, and regeneration rates of the coral fragments 
vary as a function of species, temperature, salinity, and injury (ii) high temperature and low 
salinity have a synergistic negative effect on corals’ mortality, condition, growth, and 
regeneration rates. Such an assessment is critical to understand the differential vulnerability of 
reef-forming coral species to these two different stressors and can help reveal future coral 
species dominance and decline and determine future biodiversity shifts on coral reef 
ecosystems.  
 
3.2. Materials and methods 
 
3.2.1. Coral specimens and maintenance conditions 
 
This study investigated nine common and widely distributed Indo-Pacific coral species (Veron, 
1990, 2000) with different morphologies: three plating species (Montipora capricornis brown 
morphotype (BM), Turbinaria reniformis, and Echinopora lamellosa), one massive species 
(Galaxea fascicularis), four branching species (Acropora tenuis, Pocillopora damicornis, 
Stylophora pistillata, and Psammocora contigua), and one encrusting species (Montipora 
capricornis green morphotype (GM)). These coral species were chosen in order to use the 
largest number of species available at Oceanário de Lisboa with different colony morphology, 
a characteristic mentioned as having influence in coral species susceptibility to heat and 
hyposaline stress (Loya et al., 2001; True, 2012). Coral species identification was made 
according to Veron (2000). Information relative to the coral species in study and their 
zooxanthellae was taken from the literature and given in Tables 3.1 and 3.2. The coral colonies 
used in the present study have been kept in captivity in a coral stock aquarium at Oceanário de 
Lisboa (Portugal) for several years, which gave us information on their thermal and salinity 
history. Also, as all the coral colonies were subjected to the same homogeneous conditions 





Table 3.1. Characteristics of the coral species in study. Data taken from Veron, 1990, 2000; Richmond, 1997; Loya et al., 2001; LaJeunesse et al., 2004. 













A. tenuis Acroporidae branching thin 
axial corallites are long and tubular; radial coral-
lites are arranged in a neat rosette and have 
slightly flaring lips (0.8-1.2 mm diameter) 
spawner C, D 1-20m Upper reef slopes, shallow subtidal habitats  
M. capricornis 
(BM) 
Acroporidae plating thin corallites are immersed (0.6-1 mm diameter) spawner C 2-20 m 




Acroporidae encrusting thin corallites are immersed (0.6-1 mm diameter) spawner C 2-20 m 
Lagoons, shallow tropical reef environ-
ments 
T. reniformis Dendrophylliidae plating thin 
corallites are widely spaced, thick walled, im-
mersed to conical in shape (2.8-4.2 mm diameter) 
spawner C, D 2-15 m Fringing reefs where the water is turbid 
E. lamellosa Merulinidae plating thin 
corallites are relatively thin walled and small 
(2.3-3.4 mm diameter) 
spawner C,D 1-40 m Shallow water habitats with flat substrates  
G. fascicularis Euphylliidae massive thick 
corallites are of mixed sizes, usually with 5.8-
10.7 mm diameter with numerous septa reaching 
the corallite centre 
spawner C, D 1-15 m 
Reef environments protected from strong 
wave action  
P. damicornis Pocilloporidae branching thin corallites are immersed (0.8-1 mm diameter) brooder A, B, C, D 1-20 m 
Shallow waters  (exposed reef fronts, man-
grove swamps) 
S. pistillata Pocilloporidae branching thin 
corallites are immersed, conical or hooded (0.9-
1.4 mm diameter) 
brooder A, C, D 1-15m 
Shallow water reef environments exposed 
to strong wave action 
P. contigua Psammocoridae branching thin 
corallite structures are fine and corallites are shal-
low (1.1-1.5 mm diameter) 
spawner C, D 0-30 m 






Table 3.2. Published data of zooxanthellae density and chlorophyll a concentration for the coral species in study. No data were 
found for Montipora capricornis (both morphotypes). 
Coral species 
Zooxanthellae density 
(× 10⁶ cells cm⁻²) 
Chorophyll a 
area⁻¹ (µg cm⁻²) 




- 0.33-0.82 - Abrego, 2008 
0.28-0.39 2.20-6.90 - Tanaka et al., 2014 
- 6.98-13.97 - Vogel, 2015 
Turbinaria reniformis 
0.37-0.87 - - Béraud et al., 2013 
0.47-0.76 - - Courtial et al., 2017 
0.76-1.37 - - Ferrier-Pagès et al., 2010 
0.59 3.30 - Grottoli et al., 2018 
0.28 - 0.50 - 6.61 - 11.63 Hoadley et al., 2016 
0.61-0.80 3.50-4.75 - Schoepf et al., 2013 
3.51 - 5.27 0.93 - 2.09 - Tolosa et al., 2011 
- 1.21 - Treignier et al., 2008 
0.91-1.60 - - Tremblay et al., 2015 
0.31-0.59 - - Ulstrup et al., 2006 
0.54-0.62 3.40-5.24 - Zawada, 2015 
Echinopora lamellosa 
2.22 - - Li et al., 2008 
0.06 - 0.17 - - Titlyanov et al., 2001 
Galaxea fascicularis 
- - 8.81 - 9.00 Al-Moghrabi et al., 1995 
1.24 - 3.18 - - Borell et al., 2008 
12.00 - - Brown et al., 1995 
1.80-2.91 - - Ferrier-Pagès et al., 2010 
0.58 - 1.00 2.33 - 4.16 4.24 - 4.56 Hidaka and Miyagi, 1999 
0.48-1.12 - - Higuchi et al., 2008 
2.90 - 6.75 Hii et al., 2009 
2.65-6.45 - - Mwaura et al., 2009 
- 1.00-4.10 - Schutter et al., 2010 
2.58-3.17 3.66-4.21 1.54-1.81 Schutter et al., 2011 
2.60 - - Stimson et al., 2002 
0.10-1.02 - - Xiubao et al., 2009 
Pocillopora damicornis 
1.85-2.32 - - Courtial et al., 2017 
2.00 - 0.50 Glynn and D'Croz, 1990 
1.70 - - Glynn et al., 1992 
0.80-8.30 2.04-12.96 1.81-2.90 Hueerkamp et al., 2001 
0.31-0.51 3.00-9.00 - Jokiel et al., 1982 
0.42-1.12 - 2.79-3.30 Jones et al., 2000 
0.53-0.79 7.44-13.00 13.21-19.92 Kinzie et al., 1984 
1.86 - - Li et al., 2008 
0.57-1.87 0.87-3.92 1.21-4.23 Mayfield et al., 2013 
0.35-2.33 - - Mwaura et al., 2009 
- 0.26 - Nakano et al., 2009 
0.29 2.75-3.17 - Schoepf et al., 2013 
0.53 - - Schrameyer et al., 2014 
0.40 - - Stimson and Kinzie, 1991 
1.10 - - Stimson et al., 2002 
1.20 - - Stimson, 1997 
0.73-1.10 - - Titlyanov and Titlyanova, 2002 
1.66 - - Titlyanov et al., 1996 






Table 3.2. Published data of zooxanthellae density and chlorophyll a concentration for the coral species in study. No data were 
found for Montipora capricornis (both morphotypes) (continuation). 
Coral species 
Zooxanthellae density 
(× 10⁶ cells cm⁻²) 
Chorophyll a 
area⁻¹ (µg cm⁻²) 
Cholophyll a cell⁻¹ 
(pg cell⁻¹) Reference 
Stylophora pistillata 
0.83-1.02 - - Amir and Mohamed, 2017 
0.55-0.67 - - Ammar et al., 2013 
1.03-1.94 - - Borell et al., 2008 
- 3.60 - Dubinsky et al., 1984 
0.06 1.82 3.00 Dubinsky et al., 1990 
1.60 3.60 2.20 Falkowski and Dubinski, 1981 
1.40-1.89 - - Ferrier-Pagès et al., 2010 
0.83-1.02 - - Fitt et al., 2009 
3.02-3.38 - - Godinot et al., 2011 
0.47-0.52 - 7.23-7.61 Hoegh-Guldberg and Smith, 1989 
0.22-0.74 - - Jimenez et al., 2012 
1.24-1.34 - - Jones et al., 1999 
0.18-1.01 0.70-2.46 0.88-1.60 Kerswell and Jones, 2003 
0.50 - - Kuroki and Van Woesik, 1999 
1.11 2.61 2.43 Muscatine et al., 1989 
1.04 3.11 2.98 Porter et al., 1984 
1.10 - - Stimson et al., 2002 
0.69-1.60 - - Titlyanov and Titlyanova, 2002 
0.68 - - Titlyanov et al., 1996 
1.42-1.97 - - Tremblay et al., 2012 
2.73-5.38 - - Tremblay et al., 2015 
Psammocora contigua 
1.09 - - Li et al., 2008 
1.90 - - Stimson et al., 2002 
 
 
The coral stock aquarium system includes two connecting tanks (3500 L) where the coral 
collection is kept and is fitted with a degasification tower and Fiji live rock (0.5 m3) for 
biological filtration. For water circulation purposes, a Hayward 1hp water circulation pump 
provided a turnover rate of 3.5 times per hour to the two identical tanks that hold the coral 
collection. An AquaMedic Turbo 5000 protein skimmer helps keeping nutrient concentrations 
low and increased surface water motion in the aquarium is accomplished by using two 250 L 
Carlson surge devices. This aquarium is also fitted with a calcium reactor (25-35 L/h). Lighting 
requirements are attained by using four Litpa Jet5 floodlight with an AquaMedic 400W HQi 
lamp (10000K) fitted on each on a 12 h light/ 12 h dark cycle. Eight air-stones are used in the 




Photosynthetically Active Radiation (PAR) levels were measured with a spheric quantic sensor 
(LI-193SA) and a data logger (1400 model) and varied between 300-350 µE.m-2s-1 in the 400-
700 nm waveband. Water quality parameters such as water temperature, pH and salinity are 
measured on a daily basis. Water samples are also weekly analyzed to determine ammonium, 
nitrites, nitrates, calcium concentration as well as oxygen concentration and saturation and 
alkalinity. The average values for the water quality parameters of the coral stock system are the 
following: water temperature at 25.0 °C, pH at 8.16, salinity at 33.0 psu, alkalinity at 100 mg l-
1, ammonia at 0.00 mg l-1, nitrites at 0.003 mg l-1, nitrates at 0.150 mg l-1, calcium concentration 
at 346 mg l-1, oxygen saturation at 105% and oxygen concentration at 7.1 mg l-1. Calcium 
concentration levels are kept through daily 15L kalkwasser additions alongside the effluent 
water of the running calcium reactor aforementioned. Salinity is measured using a WTW Inolab 
conductivity meter Level 1 and is maintained with weekly additions of a saturated saline 
solution. Whenever alkalinity levels are below 100 mg l-1 sodium bicarbonate is added to the 
system. Aquarium cleaning routines are performed every week and a half and include a 15% 
water change, egg-crate replacement, bottom sand siphoning and cleaning of the tank walls. 
 
3.2.2. Experimental setup 
 
The experiments were conducted at Oceanário de Lisboa, Portugal (www.oceanario.pt).To test 
the effects of species on mortality, condition, growth, and regeneration rates, 20 replicate 
fragments were cut from each coral colony, using a pincer or a pair of pliers. For the plate, 
massive, and encrusting coral colonies the fragments were obtained by cutting approximately 
30 mm sided squares and the fragments for the branching corals were cut approximately 20-40 
mm in length. These procedures were performed in order to represent the fragmentation of the 
coral species colonies during a tropical storm event. Afterwards, the coral fragments were 






The live wet mass of each coral fragment was obtained by blotting it with a paper towel to 
remove excess seawater, then weighing it in air on an electronic balance to the nearest 0.01 g 
(Titlyanov et al., 2005). Each coral fragment was glued with epoxy putty to the top of a 
numbered and pre-weighed nylon expansion anchor. Placement of the coral fragment differed 
with morphology: plate, massive, and encrusting fragments were placed in horizontal position 
and the branching fragments in vertical position. These procedures were performed in order to 
reduce to the lowest possible the dead tissue area resulting by epoxy putty application according 
with the coral morphology. Then, the set (anchor + coral fragment) was weighed to remove the 
epoxy putty weight off the calculations and placed back over egg crate panels in the coral stock 
aquarium to recover from the handling procedures for one day before acclimation to the 
experimental aquarium.  
 
To determine the long-term response of the nine coral species to the individual and combined 
effects of high temperature and low salinity the coral fragments were exposed to different 
treatments: (a) control (26 °C, 33 psu) (26.1 ± 0.2 SD; 33.0 ± 0.1 SD), (b) high temperature (30 
ºC) (30.2 ± 0.5 SD), (c) low salinity (20 psu) (20.0 ± 0.1 SD), and (d) high temperature + low 
salinity (30 ºC, 20 psu) (29.9 ± 0.2 SD; 20.0 ± 0.1 SD). Twenty coral fragments of each coral 
species were exposed to each of the different treatments for 60 days. Coral fragments were 
acclimated one hour per °C above the temperature of the coral stock aquarium (25 ºC). Coral 
reef-flat communities can experience temperature changes of 1 °C hour-1 during spring tides 
(Berkelmans and Willis, 1999), and most of the coral species in this study colonize the reef-flat 
zone (Brown and Suharsono, 1990), so we used this heating rate to be similar to the conditions 
that most of these corals would experience in their natural environment. In order to standardize, 
this heating rate was applied for all the coral species. Also, studies have shown that salinity can 
drop very quickly in near-shore areas after heavy rainfalls (from 30 to 15 psu within 24 h, Jokiel 
et al., 1993), especially when concurrent with low tides (min to hours, Kerswell and Jones, 
2003). Thus, we allowed the coral species to acclimate from 33 psu to 20 psu during five hours 
in both low salinity and high temperature + low salinity treatments.  The coral fragments were 
placed 2 cm apart from one another and organized by coral species to avoid contact between 





The experimental aquarium (400 L) was fitted with a sump (280L) filled with bioballs for 
biological filtration in which a Hailea 500 chiller and two Fluval M300 heaters controlled water 
temperature. For water circulation purposes, an AquaMedic OceanRunner 3500 pump provided 
a turnover rate of 5 times per hour. An AquaMedic Turboflotor 5000 Shorty protein skimmer 
helped keeping nutrient concentrations low and increased surface water motion in the aquarium 
was accomplished by using an AquaClear 110 powerhead. Lighting requirements similar to the 
coral stock aquarium were attained by using a Litpa Jet5 floodlight with an AquaMedic 400W 
HQi lamp (13000K) on a 12 h light/ 12 h dark cycle. An air-stone was used in the aquarium to 
ensure good oxygen concentrations. 
 
Photosynthetically Active Radiation (PAR) levels were measured with a spheric quantic sensor 
(LI-193SA) and a data logger (1400 model) and varied between 320-345 µE.m-2s-1 in the 400-
700 nm waveband. The experiments were conducted under low light conditions (320-345 µE.m-
2s-1) in order to minimize synergistic effects with high light conditions (Fitt et al., 2001; 
Scheufen et al., 2017). Water quality parameters such as water temperature, pH and salinity 
were measured on a daily basis. Water samples were also weekly analyzed to determine 
ammonium, nitrites, nitrates, calcium concentration as well as oxygen concentration and 
saturation and alkalinity. These parameters were maintained as follow: pH at 8.3, alkalinity 
approximately at 100 mg l-1, nitrites between 0.002 and 0.003 mg l-1, nitrates between 0 and 1 
mg l-1, calcium concentration between 389 and 401 mg l-1, oxygen saturation between 101 and 
104% and oxygen concentration between 6.6 and 7.1 mg l-1. Salinity was measured using a 
WTW Inolab conductivity meter Level 1 and it was maintained with daily balanced additions 
of reverse osmosis freshwater and filtered artificial seawater. Whenever alkalinity levels were 
below 100 mg l-1 sodium bicarbonate was added to the system. Aquarium cleaning routines 
included expansion anchors cleaning with a toothbrush and egg crate replacement, at least 3 
times a week. 
 
To test the effects of injury on mortality, condition, and growth rate of the nine coral species, 
ten coral fragments of each species were used as controls (undamaged) and the other ten 
fragments were inflicted with circular injuries designed to simulate damage by predators, after 
being acclimated to the experimental aquarium. These artificial injuries were 3 mm in diameter 




inflicted in the middle section of each coral fragment to avoid edge effects. After these 
procedures, all fragments were placed over two 40 x 40 cm egg crate panels suspended 15 cm 
below the water surface of the experimental aquarium.   
 
3.2.3. Analytical procedures 
 
3.2.3.1. Mortality and coral condition assessments 
Mortality was quantified as the percentage of dead fragments and partial mortality was visually 
quantified by estimating the percentage of dead area in the coral fragments and establishing 
four classes: [0,25%[, [25,50%[, [50,75%[, and [75,100%]. The coral condition of each coral 
species was visually assessed according to four categories: normal, pale, bleached and dead 
(Jokiel and Coles, 1974). Normal corals were defined as having their normal coloration while 
pale corals showed a visible decrease in pigmentation. Bleached corals were considered as 
totally colorless and dead corals had no tissue at all. Mortality was assessed every day of the 
experiment with only the relevant days indicated in the results, whereas partial mortality and 
coral condition were assessed every 20 days until the end of the experiment. Mortality, partial 
mortality, and coral condition were assessed always by the same person to remove observer 
bias. 
 
3.2.3.2. Growth rate measurements 
The coral fragments were weighted both in the first and last day of experiment in order to 
calculate the growth rate for each coral fragment. The relative growth rate (RGR), expressed as 
daily biomass increase, was calculated using the formula 3.1:  
 
𝑅𝐺𝑅 = [ln (𝑊𝑓/𝑊𝑖)] ⁄ [(𝑡𝑓 − 𝑡𝑖)]  × 100 
 
where Wi is the initial weight, Wf is the final weight and tf and ti is the time interval between 




3.2.3.3. Regeneration rate of injuries 
The size of the coral fragments’ injury was measured immediately upon their infliction and 
every 20 days afterwards until the end of the experiment. Injury recovery was quantified 
through photograph analysis and the injury area was estimated using ImageJ image software. 
Whenever the injury was not visible, due to partial mortality or bleaching, that species fragment 
would not be considered for regeneration purposes. The tissue regeneration rates (Ts) were 
estimated after complete fragment regeneration or the last point in time each fragment was still 
alive. These regeneration rates were obtained by calculating the difference between the areas 
of the recovered surfaces (Ra) for any given interval (T1 and T0 in days), as follows (Cróquer 
et al., 2002), formula 3.2:  
 
𝑇𝑠 = [𝑅𝑎(𝑇₁ ) − 𝑅𝑎(𝑇₀ )] (𝑇₁ − 𝑇₀ )⁄  
 
3.2.4. Statistical analyses 
 
A four-factor nested PERMANOVA (Anderson, 2001) was used, with Euclidean distance to 
calculate the similarity matrix (coral species, temperature, salinity and injury were fixed factors 
with temperature, salinity and injury nested in coral species) that was used to test whether coral 
fragments’ partial mortality, growth and regeneration rates were affected by coral species, 
temperature, salinity, and injury (for partial mortality and growth rate) and was run for 9999 
permutations. Analyses were performed using PERMANOVA+ for PRIMER v6 (PRIMER-E 
Ltd., Plymouth). Post-hoc pair-wise comparisons were then performed using PERMANOVA 
to compare between treatments and coral species. Differences were considered significant at p 










The factor injury had no effect on the partial mortality and growth rate of the coral fragments 
(PERMANOVA p > 0.05, Table 3.3) and therefore it was not considered as a factor in further 
analysis, with no separation between control and injured fragments. 
 
Table 3.3. Summary of results of PERMANOVA permutation tests applied to report the effects of coral species, temperature, 
salinity, and injury in coral fragments’ partial mortality, growth, and regeneration rates. Significant differences are marked a 
bold. 
  df SS MS Pseudo-F p (perm) 
  Partial mortality         
Coral species 8 2.5 × 10⁵ 3.1 × 10⁴ 68.5 0.000 
Temperature 9 2.4 × 10⁵ 2.6 × 10⁴ 57.2 0.000 
Salinity 9 3.9 × 10⁶ 4.3 × 10⁵ 945.1 0.000 
Injury 9 3.8 × 10³ 4.3 × 10² 0.9 0.525 
Temperature x Salinity 9 2.5 × 10⁵ 2.7 × 10⁴ 60.1 0.000 
Temperature x Injury 9 3.3 × 10³ 3.6 × 10² 0.8 0.689 
Salinity x Injury 9 4.9 × 10³ 5.4 × 10² 1.2 0.262 
Temperature x Salinity x Injury 9 3.3 × 10³ 3.7 × 10² 0.8 0.684 
            
  Growth rate         
Coral species 8 14.5 1.8 99.4 0.000 
Temperature 7 14.5 2.1 113.3 0.000 
Salinity 2 4.6 2.3 126.1 0.000 
Injury 9 0.2 2.5 × 10⁻² 1.4 0.194 
Temperature x Salinity 1 2.2 × 10⁻³ 2.2 × 10⁻³ 0.1 0.713 
Temperature x Injury 7 0.2 3.5 × 10⁻² 1.9 0.074 
Salinity x Injury 2 6.6 × 10⁻³ 3.3 × 10⁻³ 0.2 0.822 
Temperature x Salinity x Injury 1 6.1 × 10⁻³ 6.1 × 10⁻³ 0.3 0.552 
            
  Regeneration rate         
Coral species 8 3.7 0.5 13.0 0.000 
Temperature 9 2.2 0.2 6.9 0.000 
Salinity 2 0.7 0.3 9.6 0.000 
Temperature x Salinity 2 0.4 0.2 5.6 0.010 
 
3.3.1. Mortality and coral condition 
 
3.3.1.1. Mortality  
The coral species A. tenuis was the only one showing mortality at the control treatment (10%, 




60th day in the high temperature treatment (Table 3.4). In the low salinity treatment most of the 
coral species perished, with the exceptions of G. fascicularis and P. contigua (30% and 5%, 
respectively; Table 3.4). In the high temperature + low salinity treatment, G. fascicularis was 
the only survivor (survival rate of 25%, Table 3.4).  In the single stressor treatments, mortality 
was higher in the low salinity treatment and lower in the high temperature treatment, which 
indicates that, in comparison with the control treatment, the decrease in salinity (-13 psu) was 
more detrimental to the coral species than the increase in temperature (+4 ºC). In the multiple 
stressors treatment, high temperature + low salinity, not only the corals species presented higher 
mortality percentage but also they presented it earlier in this treatment than in the single stress 
treatments (Table 3.4), which indicates that these two environmental variables acted 
synergistically. 
 
3.3.1.2. Partial mortality 
Partial mortality was significantly affected by the independent effects of coral species, 
temperature, and salinity (PERMANOVA p < 0.05, Table 3.3). There was also a significant 
effect of the interactions of temperature and salinity (PERMANOVA p < 0.05, Table 3.3). 
 
There were significant differences in partial mortality between temperatures for most of the 
coral species (PERMANOVA p < 0.05, Table 3.3), exception of A. tenuis and T. reniformis 
fragments (PERMANOVA pair-wise p > 0.05, Table 3.5). At 30 ºC, partial mortality was in 
general higher than at 26 ºC, with the exception of E. lamellosa (Table 3.5), which indicates 
that the increase in temperature of 4 ºC was detrimental for most of the coral species in study. 
 
Since the 20th day of experiment there were significant differences in partial mortality between 
salinities for all species (PERMANOVA p < 0.05, Table 3.3). At 20 psu, most coral species 
presented partial mortality near 100% on the 20th day, exception for G. fascicularis and P. 
contigua (Table 3.5). On the other hand, at 33 psu, partial mortality was relatively lower than 
at 20 psu, with higher partial mortality only observed in P. damicornis and S. pistillata’s 
fragments (Table 3.5), which indicates that the decrease in salinity of 13 psu was detrimental 




Table 3.4. Mortality rate of the nine coral species studied on specific days of the four experiments. C - control, HT - high temperature, LS - low salinity 
  C HT LS HT + LS 
Species 2 3 4 5 6 10 20 40 60 2 3 4 5 6 10 20 40 60 2 3 4 5 6 10 20 40 60 2 3 4 5 6 10 20 40 60 
A. tenuis 0 0 10 10 10 10 10 10 10 0 0 0 0 0 0 0 0 0 20 50 65 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
M. capricornis (BM) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 40 65 90 90 100 50 70 95 95 100 100 100 100 100 
M. capricornis (GM) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 10 10 15 30 75 100 100 65 100 100 100 100 100 100 100 100 
T. reniformis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 100 100 100 100 0 25 65 100 100 100 100 100 100 
E. lamellosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25 60 90 100 100 100 100 100 90 100 100 100 100 100 100 100 100 
G. fascicularis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 15 30 30 30 0 15 40 55 55 65 70 75 75 
P. damicornis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 85 100 0 0 5 85 100 100 100 100 100 0 70 100 100 100 100 100 100 100 
S. pistillata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 100 0 30 50 80 85 95 95 95 100 0 25 55 90 100 100 100 100 100 






Significant intraspecific differences were found among treatments: G. fascicularis and P. 
contigua at 20 psu (PERMANOVA pair-wise p < 0.05, Table 3.5). In the low salinity treatment 
they reached the class [75,100] in low percentages (30% and 15%, respectively), whilst in the 
high temperature + low salinity treatment they reached it in high percentages (75% and 100%, 
respectively; Table 3.5). 
 
3.3.1.3. Coral condition 
In the control treatment, only A. tenuis presented mortality (10%, Table 3.6). All the other coral 
species displayed their normal coloration throughout the course of the experiment (Table 3.6). 
 
In the high temperature treatment, the fragments of A. tenuis, M. capricornis (GM), E. 
lamellosa, and G. fascicularis remained normal throughout the 60 days experiment (Table 3.6). 
75% of the fragments of M. capricornis (BM) and P. contigua were pale on the 60th day of 
experiment, while T. reniformis fragments were completely paled on the 40th day (Table 3.6). 
Since the 20th day of experiment, a decrease in the percentage of bleached fragments was 
evident in P. damicornis and S. pistillata fragments (80% and 5%, respectively) due to them 
succumbing to mortality that reached 100% on the last day of the experiment (Table 3.6). These 
results indicate that M. capricornis (BM), T. reniformis, and P. contigua probably experienced 
some degree of heat stress in this treatment, displayed as color attenuation though never 
reaching the bleached condition, whereas P. damicornis and S. pistillata appear to be highly 






Table 3.5. Partial mortality rate of the nine coral species studied every 20 days of the four experiments (C - control, HT - high temperature, LS - low salinity) and separated in percentage classes 


















    C HT LS HT + LS 
Time Species [0,25[ [25,50[ [50,75[ [75,100] [0,25[ [25,50[ [50,75[ [75,100] [0,25[ [25,50[ [50,75[ [75,100] [0,25[ [25,50[ [50,75[ [75,100] 
20 
A. tenuis 90 0 0 10 100 0 0 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 100 0 0 0 10 0 0 90 0 0 0 100 
M. capricornis (GM) 100 0 0 0 85 15 0 0 5 5 5 85 0 0 0 100 
T. reniformis 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 95 0 5 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 20 30 20 30 0 0 30 70 
P. damicornis 100 0 0 0 95 0 0 5 0 0 0 100 0 0 0 100 
S. pistillata 100 0 0 0 100 0 0 0 5 0 0 95 0 0 0 100 
P. contigua 95 5 0 0 100 0 0 0 90 5 5 0 5 0 0 95 
40 
A. tenuis 90 0 0 10 85 10 5 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 100 0 0 0 0 0 10 90 0 0 0 100 
M. capricornis (GM) 100 0 0 0 30 55 15 0 0 0 0 100 0 0 0 100 
T. reniformis 100 0 0 0 95 5 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 90 5 5 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 0 0 70 30 0 0 25 75 
P. damicornis 100 0 0 0 15 0 0 85 0 0 0 100 0 0 0 100 
S. pistillata 100 0 0 0 50 25 5 20 0 0 5 95 0 0 0 100 
P. contigua 95 5 0 0 100 0 0 0 45 25 15 15 0 0 0 100 
60 
A. tenuis 90 0 0 10 75 25 0 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
M. capricornis (GM) 90 5 5 0 65 35 0 0 0 0 0 100 0 0 0 100 
T. reniformis 100 0 0 0 95 5 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 85 10 5 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 0 0 70 30 0 0 25 75 
P. damicornis 100 0 0 0 0 0 0 100 0 0 0 100 0 0 0 100 
S. pistillata 95 5 0 0 0 0 0 100 0 0 0 100 0 0 0 100 




In the low salinity treatment, A. tenuis, T. reniformis, E. lamellosa, and P. damicornis fragments 
perished in the first 20 days of experiment (Table 3.6). A decrease in the percentage of bleached 
fragments was evident in M. capricornis (BM), M. capricornis (GM), and S. pistillata. M. 
capricornis (GM) fragments started it by the 20th day with a decrease of 15%, while M. 
capricornis (BM) and S. pistillata started it latter, on the 40th day, with a decrease of 10% and 
5%, respectively, due to them succumbing to mortality that reached the 100% on the 40th day 
for M. capricornis (GM) and on the 60th day for M. capricornis (BM) and S. pistillata. (Table 
3.6). On the other hand, a decrease in the percentage of pale fragments was evident in G. 
fascicularis and P. contigua fragments, by the 20th day for G. fascicularis and the 40th day for 
P. contigua (5% and 45%, respectively), due to them becoming bleached. These two coral 
species were the only ones that did not reach 100% mortality (Table 3.6). These results indicate 
that G. fascicularis and P. contigua were the coral species most tolerant to this treatment, since 
these coral species only reached the dead condition in low percentages (30% and 5%, 
respectively). 
 
In the high temperature + low salinity treatment, the fragments of A. tenuis, M. capricornis 
(both morphotypes), T. reniformis, E. lamellosa, P. damicornis, and S. pistillata presented 
100% mortality in the first 20 days of experiment (Table 3.6), whilst P. contigua only perished 
on the 40th day (Table 3.6). G. fascicularis reached the bleached condition on the 20th day of 
experiment and the percentage of dead fragments reached 75% (Table 3.6). These results 
indicate that G. fascicularis was the only coral species tolerant to the full extent of this 




Table 3.6. Coral condition of the nine coral species studied every 20 days of the four experiments (C - control, HT - high temperature, LS - low salinity) and separated in four categories: normal, 
pale, bleached, and dead. 
    C HT LS HT + LS 
Time Species normal pale bleached dead normal pale bleached dead normal pale bleached dead normal pale bleached dead 
20 
A. tenuis 90 0 0 10 100 0 0 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 100 0 0 0 0 0 10 90 0 0 0 100 
M. capricornis (GM) 100 0 0 0 100 0 0 0 0 10 15 75 0 0 0 100 
T. reniformis 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 0 5 65 30 0 0 30 70 
P. damicornis 100 0 0 0 0 0 95 5 0 0 0 100 0 0 0 100 
S. pistillata 100 0 0 0 0 0 100 0 0 0 5 95 0 0 0 100 
P. contigua 100 0 0 0 100 0 0 0 100 0 0 0 15 0 0 85 
40 
A. tenuis 90 0 0 10 100 0 0 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 100 0 0 0 0 0 10 90 0 0 0 100 
M. capricornis (GM) 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
T. reniformis 100 0 0 0 0 100 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 0 0 70 30 0 0 25 75 
P. damicornis 100 0 0 0 0 0 15 85 0 0 0 100 0 0 0 100 
S. pistillata 100 0 0 0 0 0 95 5 0 0 5 95 0 0 0 100 
P. contigua 100 0 0 0 100 0 0 0 30 60 5 5 0 0 0 100 
60 
A. tenuis 90 0 0 10 100 0 0 0 0 0 0 100 0 0 0 100 
M. capricornis (BM) 100 0 0 0 25 75 0 0 0 0 0 100 0 0 0 100 
M. capricornis (GM) 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
T. reniformis 100 0 0 0 0 100 0 0 0 0 0 100 0 0 0 100 
E. lamellosa 100 0 0 0 100 0 0 0 0 0 0 100 0 0 0 100 
G. fascicularis 100 0 0 0 100 0 0 0 0 0 70 30 0 0 25 75 
P. damicornis 100 0 0 0 0 0 0 100 0 0 0 100 0 0 0 100 
S. pistillata 100 0 0 0 0 0 0 100 0 0 0 100 0 0 0 100 




3.3.2. Growth rate 
 
Growth rate was significantly affected by the independent effects of coral species, temperature, 
and salinity (PERMANOVA p < 0.05, Table 3.3). Most coral species showed significant 
intraspecific differences between control and high temperature treatments (PERMANOVA 
pair-wise p < 0.05, Table 3.7), being highest in the control treatment, except for G. fascicularis 
that presented similar growth rates between these two treatments (PERMANOVA pair-wise p 
> 0.05, Table 3.7). G. fascicularis and P. contigua fragments showed significant intraspecific 
differences in growth rate between control and low salinity treatments, being highest in the 
control treatment (PERMANOVA pair-wise p < 0.05, Table 3.7). G. fascicularis fragments also 
presented significant intraspecific growth rate differences between high temperature and high 
temperature + low salinity treatments, being highest in the high temperature treatment 
(PERMANOVA pair-wise p < 0.05, Table 3.7). These results indicate that high temperature, 
low salinity, and high temperature + low salinity treatments affected negatively coral species’ 
growth when compared with control treatment, displayed as growth rate decrease in these three 
treatments.  
 
In the control treatment, the highest growth rates were observed in A. tenuis and P. contigua 
fragments (PERMANOVA pair wise p < 0.05) (1.13 ± 0.21% day-1 and 1.08 ± 0.17% day-1, 
respectively; PERMANOVA pair wise p > 0.05), whereas the lowest one was observed in G. 
fascicularis fragments (0.26 ± 0.07% day-1, PERMANOVA pair wise p < 0.05; Table 3.7). In 
the high temperature treatment, the highest growth rate was observed in A. tenuis fragments 
(0.49 ± 0.10% day-1, PERMANOVA pair wise p < 0.05), whereas the lowest ones were 
observed in E. lamellosa and M. capricornis (GM) fragments (PERMANOVA pair wise p < 
0.05) (0.16 ± 0.05% day-1 and 0.13 ± 0.05% day-1, respectively; PERMANOVA pair wise p > 
0.05; Table 3.7). In the low salinity treatment, the highest growth rate was observed in P. 
contigua fragments (0.40 ± 0.12% day-1, PERMANOVA pair wise p < 0.05), while the lowest 
one was observed in G. fascicularis fragments (0.07 ± 0.03% day-1, PERMANOVA pair wise 
p < 0.05; Table 3.7). These results indicate that branching corals have higher growth rates than 





Table 3.7. Coral species’ average growth rate ± standard deviation (% day-1) in the four experiments. C - control, HT - high 









3.3.3. Regeneration rate 
 
Regeneration rate was significantly affected by the independent effects of coral species, 
temperature, and salinity (PERMANOVA p < 0.05, Table 3.3). There was also a significant 
effect of the interactions of temperature and salinity (PERMANOVA p < 0.05, Table 3.3). 
Almost all coral species presented significant intraspecific differences between control and high 
temperature treatments, with higher regeneration rates in the high temperature treatment 
(PERMANOVA pair-wise p < 0.05, Table 3.8), except for M. capricornis (GM), P. damicornis, 
and S. pistillata that presented similar regeneration rates between these two treatments 
(PERMANOVA pair-wise p > 0.05, Table 3.8). G. fascicularis and P. contigua fragments 
presented similar regeneration rates between low salinity and high temperature + low salinity 
treatments (PERMANOVA pair-wise p > 0.05, Table 3.8). P. contigua fragments presented 
significant intraspecific differences between high temperature and high temperature + low 
salinity treatments, with higher regeneration rates in the high temperature treatment 
(PERMANOVA pair-wise p < 0.05, Table 3.8). On the other hand, both G. fascicularis and P. 
contigua fragments presented similar intraspecific regeneration rates between control and low 
salinity treatments (PERMANOVA pair-wise p > 0.05, Table 3.8). These results indicate that 
regeneration rates increased with temperature, which is related with an increase in metabolism, 
being highest in the high temperature treatment and lowest at 20 psu as salinity decreased, 
probably a result of osmotic stress.  
Species C HT LS HT + LS 
A. tenuis 1.13 ± 0.21 0.49 ± 0.10 NA NA 
M. capricornis (BM) 0.73 ± 0.13 0.30 ± 0.18 NA NA 
M. capricornis (GM) 0.64 ± 0.15 0.13 ± 0.05 NA NA 
T. reniformis 0.44 ± 0.16 0.22 ± 0.08 NA NA 
E. lamellosa 0.43 ± 0.27 0.16 ± 0.05 NA NA 
G. fascicularis 0.26 ± 0.07 0.26 ± 0.09 0.07 ± 0.03 0.03 ± 0.03 
P. damicornis 0.92 ± 0.14 NA NA NA 
S. pistillata 0.62 ± 0.14 NA NA NA 




 In the control treatment, S. pistillata fragments presented the highest regeneration rate (0.65 ± 
0.29 mm2 day-1, PERMANOVA pair wise p < 0.05), whereas the lowest ones were presented 
by M. capricornis (BM), T. reniformis, and M. capricornis (GM) fragments (PERMANOVA 
pair wise p < 0.05) (0.24 ± 0.16 mm2 day-1, 0.16 ± 0.10 mm2 day-1 and 0.17 ± 0.03 mm2 day-1, 
respectively; PERMANOVA pair-wise p > 0.05, Table 3.8). In the high temperature treatment, 
G. fascicularis, S. pistillata, M. capricornis (BM), P. contigua, E. lamellosa, and P. damicornis 
fragments had the highest regeneration rates (PERMANOVA pair wise p < 0.05) (0.73 ± 0.27 
mm2 day-1, 0.71 ± 0.32 mm2 day-1, 0.69 ± 0.21 mm2 day-1, 0.59 ± 0.27 mm2 day-1, 0.58 ± 0.27 
mm2 day-1, 0.50 ± 0.25 mm2 day-1, respectively; PERMANOVA pair-wise p > 0.05), whereas 
M. capricornis (GM) fragments showed the lowest regeneration rate (0.16 ± 0.07 mm2 day-1, 
PERMANOVA pair wise p < 0.05, Table 3.8). In the low salinity treatment, the highest 
regeneration rate was observed in G. fascicularis (0.26 ± 0.14 mm2 day-1, PERMANOVA pair 
wise p < 0.05) and the lowest in P. contigua’s fragments (0.14 ± 0.05 mm2 day-1, 
PERMANOVA pair wise p < 0.05, Table 3.8). These results indicate that regeneration rate 
differences among these coral species do not have a pattern associated with coral morphology. 
 
Table 3.8. Coral species’ average regeneration rate ± standard deviation (mm2 day-1) in the four experiments. C - control, HT 












Species C HT LS HT + LS 
A. tenuis 0.23 ± 0.09 0.42 ± 0.22 NA NA 
M. capricornis (BM) 0.24 ± 0.16 0.69 ± 0.21 NA NA 
M. capricornis (GM) 0.17 ± 0.03 0.16 ± 0.07 NA NA 
T. reniformis 0.16 ± 0.10 0.35 ± 0.16 NA NA 
E. lamellosa 0.30 ± 0.11 0.58 ± 0.27 NA NA 
G. fascicularis 0.30 ± 0.06 0.73 ± 0.27 0.26 ± 0.14 0.16 ± 0.00* 
P. damicornis 0.40 ± 0.13 0.50 ± 0.25 NA NA 
S. pistillata 0.65 ± 0.29 0.71 ± 0.32 NA NA 




3.4. Discussion and conclusions 
 
This study shows the differential vulnerability of reef-forming coral species towards conditions 
of warming and low salinity, which will negatively affect the ability of their fragments to 
regenerate and grow after being separated from their parent colonies, potentially leading to a 




In the high temperature treatment, the coral species P. damicornis and S. pistillata had the 
highest susceptibility to heat stress during the study, displaying the worst coral condition and 
earlier tissue loss compared to other species. Branching pocilloporids (e.g. Pocillopora 
damicornis and Stylophora pistillata) are cited in many reports, both in experimental work 
(Jokiel and Coles, 1974; Dias et al., 2018) and in the field (Glynn, 1983; Loya et al., 2001), as 
being taxa severely damaged by heat stress, mainly due to their morphology (Brown and 
Howard, 1985; Hoegh-Guldberg and Salvat, 1995), since branching corals die more often than 
encrusting and massive growth forms (Marshall and Baird, 2000; McClanahan et al., 2002). 
However, other factors affecting coral species susceptibility to heat stress must also be 
considered, such as Symbiodinium clade (Magalon et al., 2007), tissue thickness (Loya et al., 
2001), respiratory rates (Jokiel and Coles, 1990), mucus production rate (Fitt et al., 2009), tissue 
concentration of fluorescent pigments (FPs; Salih et al., 1998), and heterotrophic feeding 
capacity (Grottoli et al., 2006). According to the characteristics of the coral species described 
in Table 3.1, both P. damicornis and S. pistillata can harbor Symbiodinium clade C, which is 
consistent with their high susceptibility to heat stress (Rowan et al., 1997). Nevertheless, all the 
coral species in study can harbor Symbiodinium clade C so, in this case, we cannot say that 
Symbiodinium clade was a factor influencing their higher susceptibility to heat stress. Regarding 
all the other factors aforementioned, pocilloporids are known as having thinner tissues (Hoegh-
Guldberg and Salvat, 1995), the greatest respiratory rates (Franzisket, 1970), very low mucus 
production (Franzisket, 1970; Fitt et al., 2009), relatively low densities of FPs (Salih et al., 
1998), and a very limited heterotrophic capacity (Houlbrèque and Ferrier-Pagès, 2009; Ziegler 




damicornis and S. pistillata higher susceptibility to heat stress (Jokiel and Coles, 1990; Salih et 
al., 1998; Hoegh-Guldberg et al., 1999; Grottoli et al., 2006; Fitt et al., 2009). Another aspect 
to have into account is the life-history strategies of the coral species in study, P. damicornis and 
S. pistillata are considered “weedy” corals (Darling et al., 2012), defined as small corals with 
brooding reproduction, fast growth rates and high population turnover (Knowlton, 2001), and 
weedy corals have been considered sensitive to heat stress in the Indo-Pacific (Darling et al., 
2013). 
 
Mortality and partial mortality were higher at 20 psu than at 33 psu, such reductions in salinity 
are known to be potentially lethal to corals, in part due to corals’ limited osmoregulation 
capacity (Ferrier-Pagès et al., 1999; Kerswell and Jones, 2003; Manzello and Lirman, 2003). 
Observations in previous studies, both in experimental work (Edmondson, 1928) and in the 
field (Coles and Jokiel, 1992; Jokiel et al., 1993), have supported the estimates of 15 psu to 20 
psu for 24 h or more as the lower lethal salinity in scleractinian corals. Many reports refer to 
salinity reductions causing massive coral and reef organism mortality and it is during major 
storm events that its effects on coral reefs are most devastating (Goreau, 1964; Van Woesik et 
al., 1995; Blakeway, 2004).  
 
The mortality results obtained in the low salinity treatment indicate that the tolerance to 
hyposaline stress is highly species-specific. The pocilloporids Pocillopora damicornis and 
Stylophora pistillata and the genus Acropora were already known to be highly sensitive to 
lowered salinity (Jokiel et al., 1993; Moberg et al., 1997; Ferrier-Pagès et al., 1999; Kerswell 
and Jones, 2003; Blakeway, 2004). However, as all the fragments of T. reniformis and E. 
lamellosa perished on the 6th day of experiment, and most of the fragments of M. capricornis 
(both morphotypes) perished on the 20th day, we show that these species are also highly 
sensitive to lowered salinity, which was previously unknown. Most of G. fascicularis and P. 
contigua fragments survived for 60 days in the low salinity treatment, confirming these species 
exceptional tolerance to low salinity (Van Woesik, 1994; Xiubao et al., 2009).  
 
High mortality in the high temperature-low salinity treatment indicates that long-term synergy 




to the death of most of the coral fragments on the 6th day of the experiment. This synergistic 
effect had already been documented in other studies (Coles and Jokiel, 1978; Mayfield and 
Gates, 2007; Xiubao et al., 2009). Only P. contigua showed higher tolerance, with its fragments 
lasting for 40 days under these conditions. G. fascicularis proved to be the most resistant species 
to the synergy of higher temperature and lower salinity, surviving the whole 60-day experiment, 
albeit only with 25% of the fragments still alive by the end of the experiment. The results 
obtained in this treatment indicate that even short-term exposure of two days to salinities of 20 
psu reduces the tolerance of several coral species to high temperature.  
 
3.4.2. Coral condition 
 
Understanding the variation in coral species response to heat and hyposaline stressors is 
necessary to accurately predict how coral reefs condition and population structure will change 
in a climate change scenario of high temperature and low salinity. In the control treatment 
almost all the coral species remained unbleached throughout the course of the experiment. In 
the high temperature treatment, P. damicornis and S. pistillata fragments were the only ones 
that reached the bleached condition and 100% mortality, which reveal that these two species 
are highly susceptible to heat stress.  
 
In the low salinity treatment, four out of the nine coral species presented 100% mortality in the 
first 20 days of experiment without previous fragments’ discoloration, A. tenuis, T. reniformis, 
E. lamellosa, and P. damicornis. On the other hand, the coral species M. capricornis (BM), M. 
capricornis (GM), S. pistillata, G. fascicularis, and P. contigua showed tissue discoloration, 
before complete mortality in the first three coral species. The discoloration of corals following 
osmotic stress is caused by the breakdown in coral-zooxanthellae symbiosis and it has been 
observed in other studies (Goreau, 1964; Kerswell and Jones, 2003), however, when a coral 
species cannot cope with the osmotic stress it perishes without previous discoloration (Hoegh-
Guldberg and Smith, 1989; Jokiel et al., 1993). Coral death was followed by immediate tissue 
sloughing off which revealed the underlying white calcareous skeleton, although T. reniformis 
fragments became covered by thick whitish-brown slime and its coenosarc disintegrated into 




In the high temperature + low salinity treatment, seven out of the nine coral species showed 
complete mortality in the first 20 days of experiment without previous fragments’ discoloration, 
A. tenuis, M. capricornis (both morphotypes), T. reniformis, E. lamellosa, P. damicornis and S. 
pistillata. The synergistic effects of high temperature and low salinity were more than these 
coral species could cope with. Nevertheless, G. fascicularis although presenting some 




Coral growth is affected by environmental parameters such as sea surface temperature and 
salinity (Lough and Cooper 2011), and measuring coral growth has become relevant as an 
indicator of possible degradation of coral reefs due to climate change (Buddemeier et al., 2004; 
Manzello et al., 2008; Manzello, 2010; Anthony et al., 2011). Coral fragments’ growth rates 
decreased with increase in water temperature, this is in agreement with physiological data 
presenting an accentuated decline in coral growth at temperatures only a few degrees above 
optimum levels (Berkelmans and Willis 1999). Growth rates also decreased as salinity 
decreased, which is corroborated by other studies stating that scleractinian corals exposed to 
rapid environmental fluctuations may exhibit a limited capacity for osmoregulation (Ranklin 
and Davenport, 1981; Mayfield and Gates, 2007), and that the prolonged exposure to salinity 
stress can affect coral growth (Coles and Jokiel, 1992; Porter et al., 1999).  
 
Our results are also in accordance with another study showing that corals’ growth rates decrease 
if salinity changes by ± 2 psu from optimal values (Ferrier-Pagès et al., 1999). In all treatments, 
A. tenuis and P. contigua presented the highest growth rates, with the exception of A. tenuis at 
20 psu and P. contigua in the high temperature + low salinity treatment where they died. 
According with Guest et al. (2011), plate and massive morphologies grow slower than branched 
ones. Having this in mind, the lower growth rates of M. capricornis (GM) and E. lamellosa in 
the high temperature treatment, and the ones of G. fascicularis at 26 °C for both salinities can 
thus be explained. G. fascicularis fragments were the only ones that showed similar growth rate 
at 26 ºC and 30 ºC for both salinities, suggesting that this coral species is resistant to this level 




treatment, probably as a result of heat stress in the high temperature treatment (Szmant and 




Understanding how extrinsic factors such as seawater temperature and salinity limit 
regeneration in corals is crucial since poor regenerative ability can lead to a reduction in colony 
fitness (Hall, 1997). The regeneration rate of the coral species studied generally increased with 
temperature increment. This is expected since increase in water temperatures accelerates coral 
fragments’ metabolism and, as long as their specific stress levels are not achieved, their 
regeneration rates will be greater at higher temperatures. In addition, regeneration rate 
decreased in hyposaline conditions, which is also expected since low salinity is known to affect 
regeneration due to its negative effects on coral metabolism (Jokiel et al., 1993; Moberg et al., 
1997). Coral species regenerative ability could not be ranked as in Hall (1997) probably because 
the experimental conditions, methodology, and coral species were different. In the low salinity 
treatment, regeneration rate of the only two species that survived (P. contigua and G. 
fascicularis) was not negatively impacted compared with the control treatment, whereas in the 
high temperature treatment most of the coral species presented increase in regeneration rates, 
exception of the coral species negatively impacted by heat stress. According to Hall (1997), 
branching corals present the highest regenerative ability, which in this study correspond to the 
ones most affected by heat and hyposaline stress. Thus, the use of different stress treatments 
may have altered the regenerative ability of the coral species in study. 
 
The high mortality rates registered in the high temperature + low salinity treatment deter 
conclusions regarding regeneration. In the only species that survived the 60 days in this 
treatment, G. fascicularis, regeneration capacity was negatively impacted compared to control 
treatment. 
 
Differential susceptibility and mortality among species can exert a major influence on coral 




expected that the coral species G. fascicularis will be more resistant in a warmer ocean, 
especially in coastal areas prone to low salinity episodes, and thus becoming more important in 
terms of coral cover. Nevertheless, it is important to have in consideration that this is a slow-
growing coral species and may take a long time until increase in coral cover can be observed. 
On the other hand, other disturbances present in their natural habitat need to be taken into 
account, such as competition (Baird and Hughes, 2000), predation (Pratchett, 2001), and 
extreme events (tropical storms, Fabricius et al., 2008) that, like heat and hyposaline stress, 
affect with greater magnitude fast-growing coral species (True, 2012; Dias et al., 2018). Thus, 
the predicted increase in temperature and both frequency and intensity of tropical storms will 
likely cause local eradication or prevent susceptible species from resettle and will allow G. 
fascicularis’ dominance. 
 
This study focused on the interaction of high temperature and low salinity associated with the 
increase in frequency and intensity of tropical storms in the Indo-Pacific oceans, however, it 
needs to be cautioned that other environmental variables not tested in this study can be altered 
by global climate change (e.g. ultraviolet radiation levels (Hoegh-Guldberg and Bruno, 2010) 
and pH (Manzello, 2010)) and that alterations in the environmental variables studied may also 
happen, such as an increase in mean daily maximum temperature (Wergen and Krug, 2010), 
mean salinity (Durack et al., 2013), and sea surface temperatures (SST; Collins et al., 2010). 
Actually, other possible combinations of the environmental variables studied can be possible in 
the Indo-Pacific region, such as elevated temperatures and elevated salinity, due to lack of 
rainfall in the Pacific region, often for months determined by the IPO and ENSO phases (Dong 
and Dai, 2015), or due to increased evaporation in already dry regions, such as temperate 
Australia, making those regions saltier (Durack et al., 2012). Thus, our study only shows one 
of many possible scenarios. 
 
Resistance capacity of most corals was overcome in long-term treatments at 20 psu. The coral 
species G. fascicularis and P. contigua were the most resistant to salinity stress. G. fascicularis 
fragments were the only ones that withstood the synergistic effects of high temperature and low 
salinity. This knowledge may have ecological implications in the understanding of coral reef 
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CHAPTER 4  
 
Long-term exposure to increasing 
temperatures on scleractinian coral 
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Global warming is leading to increases in tropical storms’ frequency and intensity, allowing 
fragmentation of reef-forming coral species, but also to coral bleaching and mortality. The first 
level of organism’s response to an environmental perturbation occurs at the cellular level. This 
study investigated the long-term oxidative stress on fragments of nine Indo-Pacific reef-forming 
coral species exposed for 60 days to increasing temperatures (30ºC and 32ºC) and compared 
results with control temperature (26ºC). Coral overall condition (appearance), lipid 
peroxidation (LPO), catalase activity (CAT), and glutathione S-transferase (GST) were 
assessed. The species Turbinaria reniformis, Galaxea fascicularis, and Psammocora contigua 
were the most resistant to heat stress, presenting no oxidative damage at 30ºC. Unlike G. 
fasciularis, both T. reniformis and P. contigua showed no evidence of oxidative damage at 
32ºC. All remaining species’ fragments died at 32ºC. Stylophora pistillata and Pocillopora 
damicornis were the most susceptible species to heat stress, not resisting at 30ºC. 
 
Keywords: climate change, biomarker, antioxidant enzymes, lipid peroxidation, catalase 















4.1. Introduction and literature review 
 
Today, there is unequivocal evidence that climate change is affecting coral reef ecosystems at 
alarming rates (Hoegh-Guldberg et al., 2007a, b). In recent years, episodes of mass coral 
bleaching have dramatically changed coral reef communities in the Indo-Pacific (Khalil et al., 
2013; Hughes et al., 2017, 2018; Le Nohaïc et al., 2017), often leading to shifts in reef 
community structure where dominant heat-susceptible coral species have been replaced by sub-
dominant heat-tolerant coral species (Riegl and Purkis, 2009; Van Woesik et al., 2011).  
 
Recent modeling suggests an increase in the frequency and intensity of bleaching events in the 
coming decades (Eakin et al., 2009; Frieler et al., 2013; Heron et al., 2016; Van Hooidonk et 
al., 2016),  with sea surface temperature (SST) projected to increase by 1 to 3.7 ºC by the year 
2100 (IPCC, 2014). Worldwide, mass coral bleaching events induced by warming waters were 
predicted to occur annually in most oceans by 2040 (Crabbe, 2008; Van Hooidonk and Huber, 
2009). Increases in both frequency and maximum intensity of categories 4 and 5 storms (0–
25%) are also expected as a consequence of global warming (Christensen et al., 2013).  
 
Coral reef community recovery after disturbance is highly dependent on both asexual and 
sexual reproductive processes (Connell and Keough, 1985; Glynn et al., 2017). Given the 
predictions of increased frequency and intensity of heat stress events, the success of sexual 
reproduction may be low (Hoegh-Guldberg, 2004; Diaz-Pulido et al., 2009; Albright and 
Mason, 2013; Levitan et al., 2014; Osborne et al., 2017). Thus, asexual reproduction might be 
the most probable means of recovery under current changes in climatic conditions. 
 
Tropical storms can be favorable to the propagation and expansion of scleractinian corals of 
varied morphologies by colony fragmentation and subsequent regeneration and growth 
(Highsmith, 1980; Foster et al., 2007, 2013). The production of new colonies through this 
asexual reproduction strategy is highly important for local distribution among major reef-
building corals following disturbance (Pearson, 1981; Connell and Keough, 1985; Bruno, 
1998). A great number of the most successful corals have incorporated fragmentation into their 




Scleractinian corals consistently experience an elevated pO2 within their tissues as an outcome 
of photosynthetically produced oxygen (Dykens et al., 1992; Shashar et al., 1993; Kühl et al., 
1995), resulting in the production of reactive oxygen species (ROS), such as the superoxide 
anion radical (•O2
−), singlet oxygen (1O2), hydrogen peroxide (H2O2), and the hydroxyl radical 
(HO•) (Asada, 1999; Richier et al., 2006). Nonetheless, during prolonged abiotic stress, the 
additional amount of ROS production and their accumulation results in extensive cellular 
damage, including cellular membrane lipid peroxidation (LPO), DNA degradation, and protein 
denaturation (Richier et al., 2005; Weis, 2008; Roth, 2014). Lipid peroxidation is one of the 
most predominant mechanisms of cellular damage (Bindoli, 1988; Halliwell and Gutteridge, 
1999). This happens when ROS, particularly HO•, react with membrane lipids, leading to the 
disruption of the cellular membrane and the formation of lipid peroxides (Lesser, 2006). 
 
To prevent oxidative damage, both partners of the symbiosis possess antioxidant mechanisms 
that maintain the steady-state concentration of ROS at low levels, having an essential role in 
redox homeostasis (Lesser and Shick, 1989; Nii and Muscatine, 1997). These involve both non-
enzymatic mechanisms such as β-carotene, vitamin C, α-tocoferol, flavonoids, and glutathione 
(Meyers, 1995; Goodsell, 1996), and antioxidant enzymes such as superoxide dismutase (SOD), 
catalase (CAT), ascorbate peroxidase (APX), glutathione S-transferase (GST), and glutathione 
peroxidase (GPx) (Lesser et al., 1990; Livingstone, 1991; Rewitz et al., 2006).  
 
Induction of ROS and accumulation of oxidative damage products have been correlated with 
heat stress in both symbiont algae and host corals (Lesser et al., 1990; Brown et al., 2002; 
Downs et al., 2002). The current consensus is that oxidative stress is the trigger of coral 
bleaching (Richier et al., 2006; Murata et al., 2007; Lesser, 2011), therefore, a unifying 
mechanism of coral bleaching was proposed: the ‘Oxidative Theory of Coral Bleaching’ (OTB). 
This hypothesis suggests that heat and light stress induce the bleaching cascade first by 
decoupling symbiont photosynthesis, leading to the excessive generation of ROS and reactive 
nitrogen species (RNS) in the symbiont that overwhelms its antioxidant defenses, resulting in 
a net increase in ROS and oxidative stress inside the symbiont cells (Perez and Weis, 2006; 
Dunn et al., 2007; Hawkins and Davy, 2012). ROS diffusion into the coral host tissue combined 
with damage and potential activation of apoptotic pathways in both partners result in symbiosis 




A key factor inducing shifts in coral community structure is differential susceptibility of coral 
species to heat stress (Marshall and Baird, 2000; Dias et al., 2018) and, among many other 
factors, it is related to differences in the activity of antioxidant defenses in both partners of the 
symbiosis (Halliwell and Gutteridge, 1999; Brown et al., 2002; Downs et al., 2002; Yakovleva 
et al., 2004) and the thermal tolerance of the symbiotic microalgae (Symbiodinium spp.) clade 
(Rowan et al., 1997; Kinzie et al., 2001; Magalon et al., 2007). Oxidative stress parameters such 
as oxidative damage of lipids and antioxidant enzyme activity have been extensively used as 
biomarkers of cellular stress in different taxa subjected to heat stress (Buchner et al., 1996; 
Abele et al., 1998; Regoli et al., 2004; Cailleaud et al., 2007; Vinagre et al., 2012, 2014; Madeira 
et al., 2013; Matozzo et al., 2013; Attig et al., 2014; Madeira et al., 2015, 2019; Kamyab et al., 
2017; Tasselli et al., 2017; Zuo et al., 2017; Cereja et al., 2018). These oxidative stress 
biomarkers have also been applied to detect specific responses of corals to heat stress (Lesser 
et al., 1990; Downs et al. 2000), early detection of coral bleaching (Solayan, 2016), assessment 
of coral reefs health (Downs et al., 2005; Olsen, 2013), and identifying the susceptibility of 
corals towards coral bleaching (Anithajothi et al., 2014). 
 
Dias et al. (2018, 2019) investigated the differential capability of nine reef-forming corals to 
grow and regenerate small fragments, mimicking a post-storm scenario in a context of higher 
temperatures and lower salinity. These studies identified resistant and vulnerable species to 
conditions that are likely to be more frequent in the future, influencing coral asexual 
reproduction via fragmentation. In the present study, we aim at testing the oxidative damage 
and antioxidant response of the same nine coral species, providing a new insight into the effects 
of thermal stress on coral fragments at a cellular level. 
 
This is the first study that aims to assess the long-term effects (60 days) of heat stress on coral 
condition, oxidative damage (lipid peroxidation - LPO), and antioxidant enzymes activity 
(catalase - CAT, glutathione S-transferase – GST) post-fragmentation in nine common and 
widely distributed reef-building corals of the Indo-Pacific oceans (Veron, 1990, 2000). 
Understanding how increased temperatures will affect fragments of several coral species, at a 
cellular and biochemical level, is crucial to identify which species are more likely to prosper 
through asexual reproduction and which shall decline in the future, so that conservation efforts 




4.2. Materials and methods 
 
4.2.1. Coral species 
 
This study included nine-coral species with four different morphologies: four branching species 
(Acropora tenuis, Stylophora pistillata, Pocillopora damicornis, and Psammocora contigua), 
one massive species (Galaxea fascicularis), three plating species, (Montipora capricornis 
brown morphotype (BM), Turbinaria reniformis, and Echinopora lamellosa), and one 
encrusting species (Montipora capricornis green morphotype (GM)). These coral species were 
chosen for their differences in heat stress susceptibility and colony morphology (Marshall and 
Baird, 2000; Loya et al., 2001). These and other characteristics of the coral species in study are 
given in Tables 4.1 and 4.2. Coral species were identified according to Veron (2000). The coral 
colonies used in the experimental treatments have been maintained in captivity in a coral stock 
aquarium at “Oceanário de Lisboa (Portugal)” for five years, providing their thermal history 
information.  
 
4.2.2. Experimental setup 
 
The experiments were conducted from April to November of 2014 at “Oceanário de Lisboa, 
Portugal” (www.oceanario.pt). To test the different coral species i) condition, ii) oxidative 
damage products concentration, and iii) antioxidant enzyme activity, ten replicate fragments 
were cut from each coral colony, using a pincer or a pair of pliers. For the branching coral 
colonies the fragments were cut approximately 20-40 mm in length and the fragments for the 
massive, plating, and encrusting were obtained by cutting approximately 30 mm sided squares. 
All fragments were placed over egg crate panels in the coral stock aquarium until acclimation 





Table 4.1. Characteristics of the coral species in study. 



















A. tenuis Acroporidae branching C, D Indo-Pacific Outer reef flat, inner reef flat, 
upper reef slope, clear waters, 
exposed to wave action 
30-45 ° 1-20 m competitive Moderately 
aggressive 
severe Dai, 1990; Diaz and Madin, 2011; 
Fujioka, 1998; Hamilton and Brakel, 
1984; LaJeunesse et al., 2004; 
Marshall and Baird, 2000; Mieog et 
al., 2007; Richards et al., 2014; 
Ulstrup and Van Oppen, 2003; Van 
Oppen et al., 2001; Veron, 2000; 
World Register of Marine Species  
M. capricornis 
(BM) 
Acroporidae plating C Indo-West 
Pacific 
Lagoons, shallow tropical reef 
environments, clear waters, 
protected from wave action 
_ 2-20 m _ _ high DeVantier et al., 2008; Diaz and 
Madin,2011; La Jeunesse et al., 2004; 
Marshall and Baird, 2000; Smith et 
al., 2009; Veron, 2000; World 
Register of Marine Species 
M. capricornis 
(GM) 
Acroporidae encrusting C Indo-West 
Pacific 
Lagoons, shallow tropical reef 
environments, clear water, 
protected from wave action 
_ 2-20 m _ _ high DeVantier et al., 2008; Diaz and 
Madin, 2011; LaJeunesse et al., 2004; 
Marshall and Baird, 2000; Smith et 
al., 2009; Veron, 2000; World 
Register of Marine Species 
T. reniformis Dendrophylliidae plating C, D Indo-West 
Pacific 
Lower reef slope, turbid 
waters, protected from wave 
action 
5-15 ° 2-15 m _ Intermediate low Dai, 1990; DeVantier, 2010; Diaz and 
Madin, 2011; Hoeksema et al., 2014a; 
LaJeunesse et al., 2004; Marshall and 
Baird, 2000; Mieog et al., 2007; 
Veron, 2000; World Register of 
Marine Species 
E. lamellosa Merulinidae plating C,D Indo-Pacific Upper reef slope, lower reef 
slope, clear waters, exposed 
and protected from wave 
action 
20-50 ° 1-40 m _ Moderately 
aggressive 
moderate Dai, 1990; DeVantier et al., 2014; 
Diaz and Madin, 2011; Fabricius et 
al., 2004; Hamilton and Brakel, 1984; 
LaJeunesse et al., 2004; Marshall and 
Baird, 2000; Sheppard, 1980; Turak 
and DeVantier, 2012; Veron, 2000; 




Table 4.1. Characteristics of the coral species in study (continuation). 

















P. damicornis Pocilloporidae branching A, B, C, D Indo-West 
and eastern 
Pacific  
Inner reef flat, clear and 
turbid waters, exposed and 
protected from wave action 
5 - 60 ° 1-20 m weedy Subordinate severe Dai, 1990; DeVantier, 2010; Diaz and 
Madin, 2011; Fabricius et al., 2004; 
Hamilton and Brakel, 1984; 
Hoeksema et al., 2014c; Kinzie et al., 
2001; LaJeunesse et al., 2004; 
Magalon et al., 2007; Marshall and 
Baird, 2000; Sheppard, 1980; Veron, 
2000; World Register of Marine 
Species 
S. pistillata Pocilloporidae branching A, C, D Indo-West 
Pacific 
Outer reef flat, inner reef flat, 
upper reef slope, lower reef 
slope; clear waters, exposed 
to wave action 
10 - 45 ° 1-15 m weedy Intermediate severe Dai, 1990; Diaz and Madin, 2011;  
Hamilton and Brakel, 1984; 
Hoeksema et al., 2014d; LaJeunesse 
et al., 2004; Marshall and Baird, 
2000; Mieog et al., 2007; Sheppard, 
1980; Turak and DeVantier, 2012; 
Veron, 2000; World Register of 
Marine Species 




the far East) 
Inner reef flat; clear and 
turbid waters, exposed and 
protected from wave action 
30-45° 1-30 m _ _ low Diaz and Madin, 2011; Dong et al., 
2009;  Hamilton and Brakel, 1984; 
LaJeunesse et al., 2004; Marshall and 
Baird, 2000; Mostafavi et al., 2007; 
Sheppard, 1980; Sheppard et al., 





Table 4.2. Sea surface temperature (SST) range of the studied coral species according with their geographical distribution. 
Coral species Study location Geographical distribution SST range (°C) Reference 
Acropora tenuis Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Houtman-Abrolhos Australia 19.8-23.5 Babcock et al., 1994 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Ishigaki Island Japan 24.0-28.0 Hongo and Kayanne, 2010 
Okinotori Island Philippine Sea 24.7-29.7 Kayanne et al., 2012 
Raffles Lighthouse Singapore 27.3-30.1 Guest, 2005 
Southern Taiwan Taiwan 22.5-28.2 Chen et al., 2005 
Southern Taiwan Taiwan 20.1-28.2 Chen, 1999 
Nino Konis Santana National Marine Park Timor Leste 25.0-28.0 Turak and DeVantier, 2012 
Montipora capricornis Houtman-Abrolhos Australia 19.8-23.5 Babcock et al., 1994 
Kermadec Islands New Zeland 16.0-26.0 Brook, 1999 
Turbinaria reniformis Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
Hervey Bay Australia 22.0-26.0 DeVantier, 2010 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Bremer Bay Australia 17.0-21.0 Ross et al., 2018 
Dunsborough Australia 17.0-21.0 Silverstein et al., 2011 
Lizard Island Australia 23.9-29.4 Ulstrup et al., 2011 
Davies Reef Australia 23.3-28.9 Ulstrup et al., 2011 
Houtman-Abrolhos Australia 19.8-23.5 Babcock et al., 1994 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Hirota Reef Japan 20.2-28.3 Ikeda et al., 2006 
Okinotori Island Philippine Sea 24.7-29.7 Kayanne et al., 2012 
Gulf of Aqaba Red Sea 21.2-28.4 Rapuano et al., 2017 
Nino Konis Santana National Marine Park Timor Leste 25.0-28.0 Turak and DeVantier, 2012 
Echinopora lamellosa Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Ningaloo Reef Australia 22.0-27.0 Silverstein et al., 2011 
Capricorn Bunker Group Australia 21.5-27.0 Dechnik et al., 2015 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Ishigaki Island Japan 24.0-28.0 Hongo and Kayanne, 2010 
Hirota Reef Japan 20.2-28.3 Ikeda et al., 2006 
Ricaudy reef New Caledonia 23.0-28.0 Cabioch et al., 1999 
Okinotori Island Philippine Sea 24.7-29.7 Kayanne et al., 2012 
Raffles Lighthouse Singapore 27.3-30.1 Guest, 2005 
Yenliao Bay Taiwan 18.0-28.0 Fan and Day, 1999 
Nanwan Bay Taiwan 23.5-28.0 Fan and Day, 1999 
Penghu Archipelago Taiwan 16.0-28.0 Chen et al., 2005 
Southern Taiwan Taiwan 20.1-28.2 Chen, 1999 
Nino Konis Santana National Marine Park Timor Leste 25.0-28.0 Turak and DeVantier, 2012 
Galaxea fascicularis Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Houtman-Abrolhos Australia 19.8-23.5 Babcock et al., 1994 
Ningaloo Reef Australia 22.0-27.0 Silverstein et al., 2011 
Hong Kong China Sea 13.0-30.0 Tong et al., 2017 
Sanya China Sea 20.0-30.0 Tong et al., 2017 
Sansha China Sea 24.0-30.0 Tong et al., 2017 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Hainan Island China Sea 19.0-30.0 Zhou et al., 2011 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Ishigaki Island Japan 24.0-28.0 Hongo and Kayanne, 2010 
Mombasa Kenya 25.5-29.9 Mwaura et al., 2009 
Halong Bay Vietnam 16.0-31.5 Faxneld et al., 2011 
La Pointe-au-Sable reef Mauritius 22.0-27.0 Cabioch et al., 1999 
Raffles Lighthouse Singapore 27.3-30.1 Guest, 2005 
Southern Taiwan Taiwan 22.5-28.2 Chen et al., 2005 













Each coral fragment was glued with epoxy putty to the top of a nylon expansion anchor. 
Branching fragments were placed in vertical position, whereas the massive, plating, and 
encrusting fragments were placed in horizontal positions. The placement of the fragments 
varied with morphology in order to minimize the dead tissue area produced by epoxy putty 
application. Then, the set (anchor + coral fragment) was placed back over egg crate panels in 
the coral stock aquarium, to recover from the handling procedures for one day before 
acclimation to the experimental aquarium. 
Coral species Study location Geographical distribution SST range (°C) Reference 
Pocillopora damicornis Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
One tree island Australia 21.4-27.4 Edmunds, 2005 
Orpheus Island Australia 22.9-28.9 Berkelmans and Willis, 1990 
Solitary Islands Australia 19.7-22.0 Harriott, 1999 
Hervey Bay Australia 22.0-26.0 DeVantier, 2010 
Ningaloo Reef Australia 22.0-27.0 Silverstein et al., 2011 
Abrolhos Island Australia 19.0-23.0 Silverstein et al., 2011 
Rottnest Island Australia 18.0-22.0 Silverstein et al., 2011 
Dampier Australia 24.0-30.0 Silverstein et al., 2011 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Lizard Island Australia 23.9-29.4 Ulstrup et al., 2011 
Davies Reef Australia 23.3-28.9 Ulstrup et al., 2011 
Heron Island Australia 20.0-28.0 Connell et al., 1997 
Hall Bank Australia 17.2-24.8 Baird and Thomson, 2018 
Capricorn Bunker Group Australia 21.5-27.0 Dechnik et al., 2015 
Coral Bay Australia 22.0-28.0 Foster et al., 2014 
Abrolhos Islands Australia 20.0-25.0 Foster et al., 2014 
Marmion Australia 17.0-24.0 Foster et al., 2014 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Maui Hawaii 23.8-27.7 Piniak and Brown, 2008 
Coconut Island Hawaii 21.0-27.0 Gates et al., 1992 
Coconut Island Hawaii  23.0-28.0 Brahmi et al., 2012 
Mombasa Kenya 25.5-29.9 Mwaura et al., 2009 
Kermadec Islands New Zeland 16.0-26.0 Brook, 1999 
Okinotori Island Philippine Sea 24.7-29.7 Kayanne et al., 2012 
La Pointe-au-Sable reef Mauritius 22.0-27.0 Cabioch et al., 1999 
Ricaudy reef New Caledonia 23.0-28.0 Cabioch et al., 1999 
Raffles Lighthouse Singapore 27.3-30.1 Guest, 2005 
Southern Taiwan Taiwan 22.5-28.2 Chen et al., 2005 
Nino Konis Santana National Marine Park Timor Leste 25.0-28.0 Turak and DeVantier, 2012 
Stylophora pistillata Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Heron Island Australia 20.0-28.0 Connell et al., 1997 
Capricorn Bunker Group Australia 21.5-27.0 Dechnik et al., 2015 
Ningaloo Reef Australia 22.0-27.0 Silverstein et al., 2011 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Hirota Reef Japan 20.2-28.3 Ikeda et al., 2006 
La Pointe-au-Sable reef Mauritius 22.0-27.0 Cabioch et al., 1999 
Ricaudy reef New Caledonia 23.0-28.0 Cabioch et al., 1999 
Southern Taiwan Taiwan 22.5-28.2 Chen et al., 2005 
Nino Konis Santana National Marine Park Timor Leste 25.0-28.0 Turak and DeVantier, 2012 
Psammocora contigua Socotra Archipelago Arabian Sea 24.0-30.0 DeVantier et al., 2004 
Barrow Island Australia 23.0-29.0 Richards and Rosser, 2012 
Houtman-Abrolhos Australia 19.8-23.5 Babcock et al., 1994 
Yongle atoll China Sea 24.7-29.8 Zhao et al., 2017 
Nansha Islands China Sea 27.1-30.0 Zhao et al., 2013 
Nukutipipi atoll French Polynesia 25.0-30.0 Salvat and Salvat, 1992 
Hirota Reef Japan 20.2-28.3 Ikeda et al., 2006 
Okinotori Island Philippine Sea 24.7-29.7 Kayanne et al., 2012 




To determine the long-term response of the nine-coral species to the effect of increased 
temperatures, the coral fragments were exposed to different treatments: (a) control temperature 
(26 °C) (26.1 ± 0.2 SD) and (b) increased temperatures (30 ºC and 32 ºC) (30.2 ± 0.5 SD and 
32.2 ± 0.5 SD, respectively). Ten coral fragments of each coral species were exposed to each 
of the different treatments for 60 days. Coral fragments were acclimated one hour per °C above 
the temperature of the coral stock aquarium (25 ºC). This heating rate was applied because coral 
reef-flat communities can experience temperature changes of 1 °C hour-1 during spring tides 
(Berkelmans and Willis, 1999), and most of the coral species in this study colonize the reef-flat 
zone (Brown and Suharsono, 1990; Fujioka, 1998). The coral fragments were placed over two 
40 x 40 cm egg crate panels suspended 15 cm below the water surface of the experimental 
aquarium, positioned 2 cm apart from one another, and organized by coral species to avoid 
contact between fragments of the same and/or different species.  
 
The experimental aquarium (400 L) was fitted with a sump (280L) filled with bioballs for 
biological filtration in which two Fluval M300 heaters, as well as a Hailea 500 chiller-controlled 
water temperature. For water circulation purposes, an AquaMedic OceanRunner 3500 pump 
provided a turnover rate of 5 times per hour. An AquaMedic Turboflotor 5000 Shorty protein 
skimmer helped to keep nutrient concentrations low, and increased surface water motion in the 
aquarium was accomplished by using an AquaClear 110 powerhead. Lighting requirements 
similar to the coral stock aquarium were attained by using a Litpa Jet5 floodlight with an 
AquaMedic 400W HQi lamp (13000K) on a 12 h light/ 12 h dark cycle. An air-stone was used 
in the aquarium to ensure good oxygen concentrations 
 
Photosynthetically Active Radiation (PAR) levels were measured with a spheric quantic sensor 
(LI-193SA) and a data logger (1400 model) and varied between 320-345 µE.m-2s-1 in the 400-
700 nm waveband. The experimental treatments were conducted under low light conditions to 
minimize the synergistic effects with high light conditions (Fitt et al., 2001). Water quality 
parameters such as water temperature, pH and salinity were measured on a daily basis. Water 
samples were also weekly analyzed to determine ammonium, nitrites, nitrates, calcium 
concentration, alkalinity as well as oxygen concentration and saturation. These parameters were 
maintained as follow: pH at 8.3, salinity at 33 psu, ammonium at 0 mg l-1, nitrites between 




401 mg l-1, alkalinity approximately at 100 mg l-1, oxygen concentration between 6.5 and 7.1 
mg l-1, and oxygen saturation at 104%. Aquarium cleaning routines were done as required to 
avoid algal growth. 
 
4.2.3. Analytical procedures 
 
4.2.3.1. Survival, coral condition and samples storage 
The number of surviving fragments of the nine-coral species was assessed every day during the 
60 days of the three temperature treatments with only the relevant days indicated in the results. 
The coral condition of the ten fragments of each coral species per treatment was visually 
assessed according to four categories: normal, pale, bleached, and dead (Jokiel and Coles, 
1974). Normal corals were defined as having their normal coloration while pale corals showed 
a visible decrease in pigmentation. Bleached corals were considered as totally colorless and 
dead corals had no tissue at all. Coral condition was assessed on the 60th day of experiment by 
the same person to remove observer bias. After this procedure, six fragments of each coral 
species per treatment were removed from the experimental aquarium, separated from the 
respective anchor, and placed inside individual and identified sterilized bottles on ice-cold 
conditions. Nevertheless, there were combinations of temperature treatments and coral species 
where no fragments were taken at all due to mortality (Table 4.3). In the temperature treatments 
where the coral species were alive, the coral fragments in the best condition were selected since 
the ones presenting partial mortality would not have enough tissue for biomarker analysis. The 
number of fragments of each coral species used in the three biomarker analysis per treatment is 
given in Table SM4.1 of the supplementary material. Then, they were kept inside refrigerated 







Table 4.3. Number of surviving fragments of the nine-coral species tested on the relevant days of the three temperature treatments.
    Days 
Treatment Species 1 5 7 11 16 19 20 21 26 28 29 35 36 37 38 40 41 45 46 47 48 50 52 55 59 60 
26 °C 
A. tenuis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (BM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (GM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
T. reniformis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
E. lamellosa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. damicornis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
S. pistillata 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. contigua 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
30 °C 
A. tenuis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (BM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (GM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
T. reniformis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
E. lamellosa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. damicornis 10 10 10 10 9 9 9 9 9 9 9 9 8 8 3 3 2 2 2 2 1 1 1 1 0 0 
S. pistillata 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 8 8 8 8 3 2 0 0 
P. contigua 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
32 °C 
A. tenuis 8 8 8 8 8 8 8 8 8 8 8 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (BM) 10 10 10 10 10 10 10 10 10 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (GM) 10 10 10 10 10 10 9 9 9 9 9 9 9 9 9 9 9 9 9 3 3 3 3 3 3 0 
T. reniformis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
E. lamellosa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 5 5 0 0 0 0 0 0 0 0 0 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. damicornis 10 10 10 10 10 9 9 8 6 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S. pistillata 10 10 10 10 10 9 9 6 5 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 




4.2.4. Protein extraction 
 
Coral fragments were carefully rinsed with ultrapure water (mili-Q water) to remove salt water 
and then the excess moisture was dried with absorbent lab paper. Afterwards, all the coral 
fragments were smashed (1 fragment = 1 sample) with a mortar and pestle and then were placed 
on 5 mL plastic microtubes. The samples were then homogenized in 1 mL of phosphate buffered 
saline solution (0.14 M NaCl, 0.003 M KCl, 0.01 M Na2HPO4, 0.002 M KH2PO4, pH7.4) to 
extract cytosolic proteins, using a glass/teflon Potter Elve-jhem tissue grinder, in ice-cold 
conditions and mixed. The crude homogenates were then centrifuged at 4 °C for 15 min at 
10,000 × g. The supernatant was collected, transferred to new microtubes (1.5 mL) and frozen 
immediately (−80 ºC).  
 
4.2.5. Total Protein determination 
 
For normalizing the results, the total protein content was determined through the Bradford 
method (Bradford, 1976). A calibration curve was obtained using bovine serum albumin (BSA) 
standards (0-2.0 mg.mL−1). 
 
4.2.6. Oxidative damage products – lipid peroxidation 
 
The lipid peroxides assay was adapted from the thiobarbituric acid reactive substances 
(TBARS) protocol (Uchiyama and Mihara, 1978). In brief, five µL of each sample, already 
processed as previously described were added to 45 µL of 50 mM monobasic sodium phosphate 
buffer. Then 12.5 µL of SDS 8.1%, 93.5 µL of trichloroacetic acid (20%, pH = 3.5) and 93.5 
µL of thiobarbituric acid (1%) were added to each microtube. To this mixture, 50.5 µL of Milli-
Q grade ultrapure water was added. Then, the microtubes were put in a vortex for 30 s, 
centrifuged at 10,000 × g for 1 min, their lids were punctured with a needle and then incubated 
in boiling water for 10 min. To stop the reaction, they were placed on ice for a few minutes and 




vortex and centrifuged at 10,000 × g for 1 min. Duplicates of 150 µL of the supernatant of each 
reaction were put into a 96-well microplate and absorbance was read at 530 nm. To quantify 
the lipid peroxides, an eight-point calibration curve (0–0.3 µM TBARS) was calculated using 
malondialdehyde bis (dimethylacetal) (MDA) standards (Merck Millipore, Portugal). 
 
4.2.7. Enzymatic assays 
 
4.2.7.1. Catalase activity 
Catalase (CAT) activity (EC1.11.1.6) was assessed by using the peroxidatic function of catalase 
for determination of enzyme activity. The method is based on the reaction of catalase with 
methanol in the presence of hydrogen peroxide according to a method previously described by 
Johansson and Borg (1988) and adapted for 96-well microplate. In brief, 20 µL of sample in 
sample buffer (25 mM of KH2PO4, containing 1 mM EDTA and 0.1% BSA; pH 7.0), 30 µL 
methanol and 100 µL of assay buffer (100 mM KH2PO4, pH 7.0) were added to microplate 
wells. Then, 20 µL of standard (4.25 mM formaldehyde), 30 µL methanol and 100 µL of assay 
buffer were added to formaldehyde standard wells. To the positive control wells, were added 
20 µL of diluted CAT (bovine liver CAT), 30 µL of methanol and 100 µL of assay buffer. 
Afterwards, the reaction was initiated by adding 20 µL of hydrogen peroxide (0.035 M H2O2) 
to the microplate wells. Then, the microplate was covered with aluminium foil and incubated 
during 20 min at room temperature on a shaker. Following incubation, 30 µL of potassium 
hydroxide (10 M KOH) was added to each microplate well to end reaction followed by adding 
30 µL of Purpald chromogen (34.2 mM of 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole) to 
each well. Again, the microplate was covered and incubated on a shaker for 10 min at room 
temperature. Next 10 µL of potassium periodate (65.2 mM KIO4) was added to each well and 
the microplate incubated for 5min on the shaker. The absorbance was read at 540 nm using a 







4.2.7.2. Glutathione S-transferase activity 
The enzymatic assay of glutathione S-transferase (GST) activity (EC 2.5.1.18) was adapted 
from Habig et al. (1974), using the CDNB (1-chloro-2,4-dinitrobenzene) as the enzyme 
substrate, and optimized for 96-well microplates. After reading the absorbance at 340 nm GST 
activity was calculated using a molar extinction coefficient for CDNB of 5.3 ɛmM (mM−1cm−1) 
after correction for the microplate wells path length. 
 
4.2.8. Statistical analyses 
 
Three permutational univariated analysis of variance (PERMANOVA) based on Euclidean 
distances (Anderson, 2001) were used to test whether lipid peroxidation, catalase activity and 
glutathione S-transferase activity of the coral fragments were affected by temperature and coral 
species. Values of the pseudo-F statistic were computed with the permutation of residuals under 
a reduced model using 9999 permutations. Analyses were performed using PERMANOVA+ 
for PRIMER v6 (PRIMER-E Ltd., Plymouth). Post-hoc pair-wise comparisons were then 
performed using PERMANOVA to compare between temperature treatments and coral species. 
Significant differences were expected between both main effects and the interaction between 
temperature treatments and coral species. In the interaction, only the post-hoc pair-wise 
comparisons between different temperature treatments for the same species and between 
different species in the same temperature treatment were performed. Such post-hoc pair-wise 
comparisons were necessary for infer how temperature treatments affect each species and this 
way reveal the different susceptibility among coral species to heat stress. Differences were 













At 26 ºC, all the coral species survived throughout the experiment (Table 4.3). At 30 ºC, a great 
reduction in the number of surviving fragments was observed in P. damicornis on the 38th day 
and in S. pistillata on the 52nd day of experiment (3 fragments, Table 4.3). All the other species 
fragments survived throughout the total duration of the experiment (Table 4.3). At 32 °C, P. 
damicornis and S. pistillata were the first coral species to present a considerable reduction in 
the number of surviving fragments (6 and 5 fragments on the 26th day, respectively), followed 
by both A. tenuis and M. capricornis (BM) (4 and 0 fragments on the 35th day), E. lamellosa (5 
fragments on the 40th day), and M. capricornis (GM) (3 fragments on the 47th day, Table 4.3). 
The species T. reniformis and G. fascicularis did not present any reduction in the number of 
surviving fragments, whereas P. contigua presented some reduction on the 50th day of 
experiment (7 fragments, Table 4.3) 
 
4.3.2. Coral general condition 
 
At 26 ºC, all the coral species maintained their normal coloration (Fig. 4.1). At 30 °C, the 
fragments of A. tenuis, M. capricornis (GM), E. lamellosa, and G. fascicularis maintained their 
normal coloration (Fig. 4.1). Seventy percent of the fragments of M. capricornis (BM), all the 
fragments of T. reniformis, and 60% of the fragments of P. contigua were pale (Fig.4.1). All 
the fragments of S. pistillata and P. damicornis were dead (Fig.4.1). At 32 ºC, most of the coral 
species were dead (A. tenuis, M. capricornis (both morphotypes), E. lamellosa, S. pistillata, 
and P. damicornis), exceptions of P. contigua (70% pale and 30% dead), T. reniformis (100% 





Figure 4.1. Coral condition of the nine-coral species studied in the three temperature treatments. 
 
4.3.3. Lipid peroxidation (LPO) 
 
Lipid peroxidation concentrations were significantly affected by the interaction of temperature 
and coral species (PERMANOVA P < 0.05, Table 4.4). Lipid peroxidation concentrations 
presented significant differences among temperatures (PERMANOVA pair-wise P < 0.05; Fig. 
4.2a). Echinopora lamellosa fragments presented the highest LPO concentrations, whereas the 
fragments of T. reniformis, A. tenuis and P. contigua showed the lowest LPO concentrations 




Table 4.4. Summary of results of PERMANOVA permutation tests applied to report the effects of coral species and temperature 
in coral fragments’ lipid peroxidation (MDA) and both catalase (CAT) and glutathione S-transferase (GST) activities. Some 
combinations in the interaction temperature × species had no fragments as observed in Table 4.3. Significant differences are 
marked in bold. 
  
df SS MS Pseudo-F P(perm) Unique 
perms 
MDA             
Temperature 2 0.1 6.0 × 10⁻² 16.0 0.0001 9957 
Species 8 1.2 0.2 40.9 0.0001 9934 
Temperature × Species 8 0.4 5.3 × 10⁻² 14.1 0.0001 9941 
              
CAT activity             
Temperature 2 0.4 0.2 16.5 0.0001 9953 
Species 8 3.9 0.5 41.1 0.0001 9946 
Temperature × Species 8 1.4 0.2 14.9 0.0001 9942 
              
GST activity             
Temperature 2 9.6 × 10⁻² 4.8 × 10⁻² 15.6 0.0001 9946 
Species 8 0.6 7.3 × 10⁻² 23.6 0.0001 9928 
Temperature × Species 8 0.2 2.5 × 10⁻² 8.0 0.0001 9946 
 
At 26 ºC, M. capricornis (GM) and E. lamellosa fragments had the highest LPO concentrations 
(PERMANOVA pair-wise P > 0.05), whereas the fragments of M. capricornis (BM), T. 
reniformis, and A. tenuis  displayed the lowest LPO concentrations (PERMANOVA pair-wise 
P > 0.05, Table 4.5, Fig.2a). At 30 ºC, E. lamellosa fragments had the highest LPO 
concentrations (PERMANOVA pair-wise P < 0.05), whereas A. tenuis and T. reniformis 
fragments had the lowest LPO concentrations (PERMANOVA pair-wise P > 0.05, Table 4.5, 
Fig. 4.2a). At 32 ºC, G. fascicularis showed the highest LPO concentrations, whilst P. contigua 
presented the lowest one (PERMANOVA pair-wise P < 0.05, Table 4.5, Fig. 4.2a) 
 
Montipora capricornis (BM), E. lamellosa, A. tenuis and P. contigua fragments had significant 
intraspecific differences in LPO concentrations between 26 ºC and 30 ºC (PERMANOVA pair-
wise P < 0.05; Fig. 4.2a), being higher at 30 ºC in the first two coral species and higher at 26 
ºC in the last two coral species. Galaxea fascicularis and P. contigua fragments also showed 
significant intraspecific differences in LPO concentrations between 26 ºC and 32 ºC 
(PERMANOVA pair-wise P < 0.05; Fig. 4.2a), being higher at 32 ºC in G. fascicularis and 




            
Figure 4.2. Mean ± SD of (a) MDA (µmol.mg−1 of total protein), (b) catalase activity (µmol.min−1.mg−1 of total protein), and (c) glutathione S-transferase (GST) activity (µmol.min−1.mg−1 of total 




Table 4.5. Mean ± SD of MDA (µmol.mg−1 of total protein), catalase (CAT) activity (µmol.min−1.mg−1 of total protein), and glutathione S-transferase (GST) activity (µmol.min−1.mg−1 of total 
protein) for the nine-coral species tested in the three temperature treatments. NA – not available due to total mortality before the 60th day of experiment. 
 
 
  26 °C 30 °C 32 °C 
Species MDA CAT activity GST activity MDA CAT activity GST activity MDA CAT activity GST activity 
Acropora tenuis 0.019 ± 0.006 0.003 ± 0.001 0.060 ± 0.031 0.009 ± 0.002 0.003 ± 0.000 0.073 ± 0.028 NA NA NA 
Montipora capricornis (BM) 0.015 ± 0.010 0.007 ± 0.003 0.012 ± 0.004 0.072 ± 0.029 0.243 ± 0.030 0.241 ± 0.084 NA NA NA 
Montipora capricornis (GM) 0.203 ± 0.089 0.061 ± 0.030 0.034 ± 0.017 0.240 ± 0.109 0.132 ± 0.050 0.115 ± 0.023 NA NA NA 
Turbinaria reniformis 0.017 ± 0.006 0.069 ± 0.009 0.105 ± 0.020 0.011 ± 0.007 0.012 ± 0.005 0.043 ± 0.034 0.013 ± 0.005 0.052 ± 0.043 0.078 ± 0.020 
Echinopora lamellosa 0.167 ± 0.050 0.294 ± 0.047 0.207 ± 0.064 0.555 ± 0.212 1.033 ± 0.436 0.419 ± 0.169 NA NA NA 
Galaxea fascicularis 0.050 ± 0.004  0.039 ± 0.022 0.064 ± 0.015 0.056 ± 0.014  0.080 ± 0.024 0.130 ± 0.055 0.257 ± 0.068 0.046 ± 0.009 0.099 ± 0.035 
Pocillopora damicornis 0.061 ± 0.028 0.014 ± 0.003 0.125 ± 0.055 NA NA NA NA NA NA 
Stylophora pistillata 0.048 ± 0.024  0.005 ± 0.001 0.104 ± 0.031 NA NA NA NA NA NA 




4.3.4. Catalase (CAT) 
 
Catalase activity was significantly affected by the interaction of temperature and coral species 
(PERMANOVA P < 0.05, Table 4.4). Coral fragments’ catalase activity presented significant 
differences among temperatures (PERMANOVA pair-wise P < 0.05), exception between 30 °C 
and 32 °C (PERMANOVA pair-wise P > 0.05; Fig. 4.2b). Echinopora lamellosa presented the 
highest catalase activity, whilst A. tenuis presented the lowest one (PERMANOVA pair-wise P 
< 0.05; Fig. 4.2b).  
 
At 26 ºC and 30 ºC, the fragments of E. lamellosa presented the highest catalase activity, 
whereas the lowest catalase activity was observed in A. tenuis fragments (PERMANOVA pair-
wise P < 0.05, Table 4.5, Fig. 4.2b). At 32 ºC, T. reniformis and G. fascicularis presented the 
highest catalase activity (PERMANOVA pair-wise P > 0.05), whilst P. contigua presented the 
lowest one (PERMANOVA pair-wise P < 0.05; Table 4.5, Fig. 4.2b). 
 
Catalase activity of the coral species M. capricornis (BM), M. capricornis (GM), E. lamellosa, 
G. fascicularis, T. reniformis, and P. contigua presented significant intraspecific differences at 
26 °C and 30 °C (PERMANOVA pair-wise P < 0.05, Fig. 4.2b), being higher at 30 ºC in the 
first four coral species and lower at 30 ºC in the last two coral species. The species P. contigua 
also presented significant intraspecific differences between 26 ºC and 32 ºC, being higher at 26 
ºC (PERMANOVA pair-wise P < 0.05, Fig. 4.2b). 
 
4.3.5. Glutathione S-transferase (GST) 
 
Glutathione S-transferase activity was significantly affected by the interaction of temperature 
and coral species (PERMANOVA P < 0.05, Table 4.4). Coral fragments’ GST activity 
presented significant differences among temperatures, but only between the 26 ºC and 30 ºC 




highest GST activity (PERMANOVA pair-wise P > 0.05), whereas P. contigua and A. tenuis 
displayed the lowest GST activity (PERMANOVA pair-wise P > 0.05; Fig. 4.2c). 
 
At 26 ºC, E. lamellosa showed the highest GST activity and M. capricornis (BM) displayed the 
lowest one (PERMANOVA pair-wise P < 0.05; Table 4.5, Fig. 4.2c). At 30 ºC, the coral species 
E. lamellosa had the highest GST activity (PERMANOVA pair-wise P < 0.05), whilst P. 
contigua, T. reniformis, and A. tenuis showed the lowest GST activity (PERMANOVA pair-
wise P > 0.05; Table 4.5, Fig. 4.2c). At 32 ºC, the fragments of T. reniformis and G. fascicularis 
presented the highest GST activity (PERMANOVA pair-wise P > 0.05), whereas the lowest 
GST activity was observed in P. contigua fragments (PERMANOVA pair-wise P < 0.05; Table 
4.5, Fig. 4.2c). 
 
Montipora capricornis (BM), M. capricornis (GM), E. lamellosa, G. fascicularis, T. reniformis, 
and P. contigua fragments showed significant intraspecific differences in GST activity between 
26 ºC and 30 ºC (PERMANOVA pair-wise P < 0.05; Fig. 4.2c), being higher at 30 ºC in the 
first four coral species and lower at 30 ºC in the last two coral species. Psammocora contigua 
fragments also showed significant intraspecific differences in GST activity between 26 ºC and 
32 ºC, being highest at 26 ºC (PERMANOVA pair-wise P < 0.05; Fig. 4.2c).  
 
4.4. Discussion and conclusions  
 
The results obtained in coral condition indicate that all the coral species tested are sensitive to 
long-term exposure to 32 °C. Turbinaria reniformis, G. fascicularis, and P. contigua were the 
species most resistant to prolonged heat stress because they were the only survivors at 32 °C, 
although in different conditions. Other studies have reached the same conclusion regarding the 
ability of these coral species to withstand heat stress both in the field (Brown and Suharsono, 
1990; Stimson et al., 2002), as well as under controlled conditions (Dias et al., 2018). 
Stylophora pistillata and P. damicornis were the most sensitive species, since they did not 




These coral species are considered in several studies as highly susceptible to heat stress 
(Stimson et al., 2002; McClanahan et al., 2004; Dias et al., 2018). 
 
Most of the species in this study responded to elevated temperature exposure by exhibiting 
increased activities of the protective enzymes catalase (CAT) and glutathione S-transferase 
(GST). In general, antioxidant enzyme activity increased at 30 ºC (M. capricornis (BM), M. 
capricornis (GM), E. lamellosa, and G. fascicularis; Fig. 4.2). The induction of these 
antioxidant enzymes occurs as a way to counteract the effects of ROS, produced due to 
temperature enhanced metabolic rates (Burdon et al., 1990; Richier et al., 2006), suggested in 
this study as an increase in LPO concentrations. Still, the levels of lipid peroxidation increased 
with water temperature in some species. At 30 °C and 32 °C, the coral condition of most species 
worsened compared to control treatment (Fig. 4.1). This observation supports the induction of 
a bleaching event as a consequence of an oxidative stress period, as observed in Richier et al. 
(2006). 
 
Echinopora lamellosa presented the highest oxidative damage, but also the highest antioxidant 
response (CAT and GST) at 30 °C. This could mean a system overcharge with an imbalance in 
ROS production vs destruction and subsequent tendency for ROS accumulation. Therefore, this 
coral species seems to have the ability to withstand long-term exposure to 30 °C, however, it 
did not survive at 32 °C as evidenced by its 100% mortality. This species is considered as 
having moderate susceptibility to heat stress (Dias et al., 2018). As a result, it was assumed it 
would present lower levels of oxidative damage and antioxidant response when compared with 
species with higher susceptibility to heat stress such as Acropora tenuis (Brown et al., 2002; 
Downs et al., 2002). Fitt et al. (2009) observed that Porites cylindrica, a resistant coral species 
to heat stress, presented higher levels of SOD and heat shock proteins (hsp) than Stylophora 
pistillata, a coral species very susceptible to heat stress. Moreover, there are other species of 
marine invertebrates with high resistance to thermal stress that have basal levels of hsp70 
constantly elevated. This mechanism ensures their protection in environments subjected to 






The second species with the highest oxidative damage was M. capricornis (GM), this coral 
species evidenced antioxidant response at 30 °C (CAT and GST), although the oxidative 
damage in terms of LPO has not been detected. This could mean that no increase in the levels 
of oxidative damage products was observed with increase temperature, because the increase in 
antioxidant enzyme activities (CAT and GST) counterbalanced the effects of ROS avoiding 
cellular membrane damage. This species presented normal condition at 30 °C, which indicates 
great ability to control the damage at the molecular level and thus withstand long-term exposure 
to 30 °C.  
 
Galaxea fascicularis was the third coral species with the highest oxidative damage, however, it 
only occurred at 32 °C. At 30 °C this coral species already evidenced antioxidant response, 
although oxidative damage has not been detected in the LPO analysis, as in the case of M. 
capricornis (GM). This is one of the most resistant species, but at 32 °C it was negatively 
affected by heat stress, as evidenced by 50% of its fragments being bleached. The low levels of 
the antioxidant enzymes at 32 °C probably reflect the exhaustion of the production system due 
to a great mobilization of these enzymes. This species withstood long-term exposure to 30 °C 
and 32 °C, but the damage evidenced in terms of LPO and its condition at 32 °C are indicative 
that it would hardly withstand longer periods of time at this temperature or even higher 
temperatures.  
 
Psammocora contigua and T. reniformis presented a decrease in CAT and GST activities at 30 
°C compared to the control, with T. reniformis presenting recovery at 32 °C. Both species are 
sensitive to 30 °C, they reached the pale condition, but did not die. They can survive long-term 
exposure to 30 °C and 32 °C, despite the evident change in terms of condition. Turbinaria 
reniformis maintained the activities of antioxidant enzymes when exposed to 32 ºC indicating 
that it managed oxidative stress, probably through physiological acclimation to high 
temperature conditions throughout the long duration of the experiment (Middlebrook et al., 
2008). In the case of T. reniformis at 30 ºC and P. contigua at both 30 ºC and 32 ºC, the overall 
decrease of capacity of antioxidant enzymes in response to prolonged exposure to high 
temperature may be related to damage on ROS-sensitive enzymes, as observed by the decrease 
in CAT and GST activities (Hermes-Lima and Storey, 1993). Another possible explanation 




stress, CAT can be overwhelmed or limited (Martindale and Holbrook, 2002; Merle et al., 
2007). On the other hand, fluorescent proteins are heat-resistant (Ward, 1998) and may 
supplement CAT during thermal oxidative stress once these proteins are also able to proficiently 
scavenge H2O2 (Palmer et al., 2009). The reduction of LPO levels in P. contigua fragments may 
suggest the occurrence of a remodeling process in the lipid composition of biological 
membranes (Niu and Xiang, 2018). 
 
In both P. contigua and A. tenuis fragments the higher concentrations of LPO were observed at 
26 °C. These are fast-growing coral species with higher growth rates at 26 °C than at 30 °C, 
and 32 ºC in the case of P. contigua, being the species with the highest growth rates of the nine-
species studied (Dias et al., 2018). This could mean increased metabolic rates and a consequent 
increase in ROS production and cellular membrane damage inside their tissues at 26 ºC (Burdon 
et al., 1990; Richier et al., 2006). 
 
Stylophora pistillata and P. damicornis are species highly sensitive to long-term exposure to 
30 °C, they did not withstand heat stress even when moderate. These species presented very 
low CAT activity in the control treatment such as M. capricornis (BM) and A. tenuis, which 
can indicate low constitutive levels of this enzyme (the same does not apply for GST). In Dias 
et al. (2018), the hierarchy of species susceptibility to heat stress was obtained using the same 
experimental procedure and assessing total and partial mortality as heat stress indicators every 
20 days of experiment. According to the hierarchy established in Dias et al. (2018), the species 
more severely affected by heat stress were A. tenuis, S. pistillata, and P. damicornis, 
immediately followed by M. capricornis (BM). Thus, the low constitutive levels of CAT could 
be a characteristic of these species that confers them thermal vulnerability. 
 
The duration of heat stress events can change among years and geographic locations (Stimson 
et al., 2002; Liu et al., 2003; Pratchett et al., 2011). Indo-Pacific reports of heat stress events 
have durations between 26 days (Northwestern Hawaiian Islands in 2004; Goldberg and 
Wilkinson, 2004) and 184 days (Thousand Islands in 1983, Brown and Suharsono, 1990; Pulau 
Weh in 2010, Guest et al., 2012). On the 26th day of experiment our results show that only P. 




S. pistillata would have been the most susceptible species, with the loss of four and five 
fragments, respectively. Thus, thermal stress duration is one of the crucial factors affecting the 
physiological response of coral species to heat stress. Nevertheless, a great number of studies 
report heat stress events with a duration around 60 days (Brown, 1997; George and John, 1999; 
Bruno et al., 2001; McClanahan et al., 2001; Mumby et al., 2001; Stimson et al., 2002; Adjeroud 
et al., 2009) or higher (Brown and Suharsono, 1990; Hoegh-Guldberg and Salvat, 1995; Cohen 
et al., 1997; Davies et al., 1997; Edwards et al., 2001; Riegl, 2002; Liu et al., 2003; Goldberg 
and Wilkinson, 2004; Penin et al., 2007; Guest et al., 2012; Riegl et al., 2012; Depczynski et 
al., 2013; Pratchett et al., 2013; Carroll et al., 2017; Le Nohaïc et al., 2017). So, the duration of 
our experiment seems adequate.  
 
Another important factor to have into account is previous thermal history (acclimation). The 
colonies of the coral species in study have been subjected to the same temperature (25 ºC) for 
five years prior to the experimental temperature treatments, this is, without temperature 
variability. However, it has been shown in several studies that colonies of coral species exposed 
to a greater background temperature variability or prior exposure to heat stress present higher 
bleaching resistance (Coles and Jokiel, 1978; Castillo and Helmuth, 2005; Middlebrook et al., 
2008; Oliver and Palumbi, 2011; Palumbi et al., 2014). 
 
The heating rate is another crucial factor affecting the physiological response of the coral and 
its symbiotic partner (Middlebrook et al., 2010). In this study, the heating rate of 1 ºC hour-1 
was applied to mimic the temperature changes experienced by the coral species in their natural 
environment. The used heating rate is substantially slower than the one applied in previous 
studies evaluating the effect of heat stress exposure on antioxidant enzyme defenses of 
scleractinian corals (e.g. Yakovleva et al., 2004; Griffin et al., 2006; Higuchi et al., 2008). For 
instance, in Griffin et al. (2006), where an instantaneous heating rate was applied, all the P. 
damicornis nubbins died on the 5th day at 32 ºC, whereas in our study all the P. damicornis 
fragments died on the 29th day at 32 ºC. These different results may be related with the different 
heating rate, once a slower heating rate deeply delay the physiological response of the coral 





Branching pocilloporids, S. pistillata and P. damicornis, are one of the dominant taxa of many 
Indo-Pacific reef communities in terms of substrate cover and are ecologically important 
because their branching growth form provides habitat for other species (Cumming, 1999; 
Dalton and Carroll, 2011; Lenihan et al., 2011). However, these fast-growing coral species are 
highly susceptible to natural disturbances including extreme events (tropical storms, heat stress 
and ENSO events, Marshall and Baird, 2000; Bruno and Selig, 2007; Fabricius et al., 2008), 
coral predator outbreaks of crown-of-thorns starfish Acanthaster planci and Drupella spp. 
snails (Cumming, 1999; Pratchett, 2001; Bruckner et al., 2017), competition with algae (Rasher 
et al., 2011; Swierts and Vermeij, 2016), and diseases (Willis et al., 2004). Our results 
corroborate previous findings by Brown and Suharsono (1990), Marshall and Baird (2000), 
Stimson et al. (2002), and Dalton and Carroll (2011) that pocilloporids are highly susceptible 
to heat stress events. In Indo-Pacific coral communities affected by heat stress events, shifts in 
coral taxa dominance have often been observed (McClanahan, 2000; Adjeroud et al., 2009; 
Harris et al., 2014; Johns et al., 2014; Hughes et al., 2018; Torda et al., 2018). Observations of 
branching and plating fast-growing coral species, often more susceptible to heat stress, have 
been replaced by encrusting and massive slow-growing coral species, often more resistant to 
heat stress (Loya et al., 2001).  
 
The coral species in study are sympatric (Veron, 1990; Fujioka, 1998), inhabiting the same 
geographical region (Tables 4.1 and 4.2), although living in different zones of the same reef. 
According to habitat preferences given in Table 4.1, both T. reniformis and G. fascicularis have 
preference for lower reef slope protected from the wave action, however, these coral species 
present different preferences in relation to water clarity and G. fascicularis also has preference 
for other reef zones.  The coral species P. damicornis, S pistillata, and P. contigua have habitat 
preference for the inner reef flat zone with clear waters and exposed to wave action, overlapping 
their distribution on the reef. Having into account the distribution of the coral species’ colonies 
on the reef and given the expected increases in frequency and intensity of heat stress events 
(Van Hooidonk et al., 2016), it might be expected that P. contigua would replace P. damicornis 
and S. pistillata on the inner reef flat zone. It would also be expected the maintenance or 
increase in coral coverage of T. reniformis on the lower reef slope with turbid water and 
protected from wave action. Regarding G. fascicularis, given that this species probably will not 
last longer at 32 ºC according to LPO results and that great part of thermal stress events had the 




Despite these results we need to have into account that even heat-tolerant coral species have 
their limits and if their thermal tolerance threshold is surpassed we might observe a shift from 
coral dominated to algal dominated reefs with loss of functional complexity and biodiversity 
(Depczynski et al., 2013). 
Having in account that this study was made with colonies coming from the same mother colony, 
meaning low genetic variability, it is important to consider that some results may vary from 
those in future studies. 
The nine-coral species in this study responded differently to thermal stress. Psammocora con-
tigua, T. reniformis, and G. fascicularis are heat-tolerant species, whereas S. pistillata and P. 
damicornis are heat-susceptible species. Oxidative damage and antioxidant enzyme activity are 
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4.6. Supplementary material  
 
Table SM4.1. Number of coral species fragments (n) used in each oxidative stress biomarker analysis (LPO – lipid 
peroxidation; CAT – catalase; GST- glutathione S-transferase) per experimental treatment. 
  Treatments 
  26 °C 30 °C 32 °C 
Species LPO CAT GST LPO CAT GST LPO CAT GST 
Acropora tenuis 5 6 5 5 5 5 0 0 0 
Montipora capricornis (BM) 5 5 5 6 6 5 0 0 0 
Montipora capricornis (GM) 5 5 5 5 6 6 0 0 0 
Turbinaria reniformis 6 6 5 6 5 5 5 5 5 
Echinopora lamellosa 5 6 6 5 6 6 0 0 0 
Galaxea fascicularis 6 5 5 5 5 5 5 5 5 
Pocillopora damicornis 5 5 6 0 0 0 0 0 0 
Stylophora pistillata 6 6 6 0 0 0 0 0 0 



















Oxidative stress on scleractinian coral 
fragments following exposure to high 
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Global warming is leading to both increases in frequency and intensity of tropical storms, with 
consequent salinity decrease at shallow reef areas, but also to mass bleaching events and 
mortality of reef-building corals around the world. Tropical storms can help reef-building corals 
to reproduce through fragmentation, allowing their expansion throughout the reefs. The 
combination of high temperature and low salinity may aggravate the effects of coral bleaching. 
Investigation of alterations at the cellular level will be useful since this is the first detectable 
response of organisms to changes in environmental conditions. In this study, the long-term 
oxidative stress induced by elevated temperature (30 ºC), low salinity (20 psu), and their 
combination was studied on fragments of reef-forming corals, and compared to control 
conditions (26 ºC, 33 psu). Determination of oxidative stress biomarkers: lipid peroxidation 
(LPO); superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST) 
activities in a long-term experiment (60 days), using nine Indo-Pacific reef-forming coral 
species, provided useful information that was interpreted in combination with the observed 
general condition of these organisms (appearance: normal, pale, bleached, dead). High 
temperature affected the general condition of the species tested to a lower degree than did low 
salinity. Only two species died at high temperature, while low salinity resulted in the death of 
all species with the exception of two (P. contigua and G. fascicularis). Oxidative damage was 
detected in some species, as were antioxidant responses, at high temperature. Coral general 
condition was severely affected in all species in the low salinity treatment. Galaxea fascicularis 
and Psammocora contigua were the most resistant to salinity stress, having survived the 
experimental treatment. Oxidative damage was not detected in these species, but there was an 
antioxidant response. The high temperature + low salinity (HT+LS) treatment had synergistic 
effects in the condition of all species. Galaxea fascicularis was the only survivor in the HT+LS 
treatment. Mortality was high (60%) for this species, oxidative damage was not detected, but 
an increase in SOD activity revealed an antioxidant response.  
 
Keywords: global climate change, oxidative stress biomarkers, heat stress, hyposaline stress, 





5.1. Introduction and literature review 
 
Alterations in seawater temperature and salinity are two of the most important factors leading 
to physiological changes in scleractinian corals, as they inhabit shallow-water or intertidal 
marine environments (Brown, 1997a). Global climate change is pushing scleractinian corals 
beyond their thermal tolerance threshold leading to coral bleaching events (Hoegh-Guldberg, 
1999; Carpenter et al., 2008). Recently, mass coral bleaching events have led to dramatic 
changes in coral species composition and community structure in the Indo – Pacific (Furby et 
al., 2013; Khalil et al., 2013; Hughes et al., 2017, 2018; Le Nohaïc et al., 2017). Major shifts in 
reef community structure from dominant branching heat-susceptible coral species to sub-
dominant encrusting and massive heat-tolerant coral species have often been observed (Van 
Woesik et al., 2011).  
 
Studies have shown that salinity stress can adversely affect coral growth and regeneration (Dias 
et al., 2019a), photosynthesis (Kuanui et al., 2015), respiration (Ferrier-Pagès et al., 1999), and 
can disrupt the normal cellular electrochemical processes leading to metabolic drain in corals 
(Vernberg and Vernberg, 1972). In extreme cases, due to corals’ limited osmoregulation 
capability (Coles and Jokiel, 1992; Manzello and Lirman, 2003), salinity stress can cause a 
breakdown in coral-zooxanthellae symbiosis leading to coral bleaching and death (Goreau, 
1964; Jokiel et al., 1993; Kerswell and Jones, 2003; Dias et al., 2019a). These effects may be 
intensified during episodes of elevated seawater surface temperatures (Faxneld et al., 2010). 
 
Sea surface temperature (SST) anomaly events are predicted to increase in frequency and 
intensity over the next century (Baker et al., 2008; Cacciapaglia and Van Woesik, 2016). Global 
warming is expected to increase the frequency of mass bleaching events in coral reef 
communities around the world (Bruno et al., 2007; Crabbe, 2008). Mass bleaching events are 
predicted to occur annually in most tropical oceans by the year 2040 (Crabbe, 2008). As a 
consequence of global warming, increases in frequency and intensity of tropical storms are also 
expected (Emanuel, 2005; Elsner et al., 2006; Crabbe et al., 2008; Christensen et al., 2013; 




increased risk of reduced salinity in near-shore reefs (Webster et al., 2005; Haapkylä et al., 
2011; IPCC, 2014). 
 
After disturbance, recovery of coral reef communities depends on both sexual and asexual 
modes of reproduction (Glynn et al., 2017). Studies have shown that heat stress can negatively 
affect the fertilization success and embryonic development (Negri et al., 2007), spawning 
(Levitan et al., 2014), survivorship and settlement of coral larvae (Randall and Szmant, 2009), 
as well as post-settlement survival (Nozawa and Harrison, 2007). Studies have also 
demonstrated that hyposaline stress can lead to a decrease in fertilization success and larval 
survival (Jokiel, 1985; Humphrey et al., 2008; Scott et al., 2013). Therefore, the recurrent 
increase in SSTs and tropical storms’ frequency and intensity will likely lead to the failure of 
sexual means of reproduction. As a consequence, a rapidly changing environment may favor 
alternative asexual mechanisms of propagation.  
 
Tropical storms can facilitate the expansion of reef-forming corals of branching, plating and 
massive morphologies by colony fragmentation (Highsmith et al., 1980; Highsmith, 1982; 
Foster et al., 2013). Fragmentation is considered a widespread and highly important asexual 
mean of reproduction for a great number of scleractinian coral species (Highsmith, 1980; Bruno 
1998). Fragmentation can be the primary mode of population growth for species with rare 
sexual recruits (Tunnicliffe, 1981; Wallace, 1985) and it also allows coral species to withstand 
disturbance when they are incapable to complete their sexual reproductive life cycle (Honnay 
and Bossuyt, 2005).  
 
Changes at cellular and biochemical level are the first detectable response of an organism to an 
environmental perturbation (Bierkens, 2000). Reactive oxygen species (ROS) are common by-
products of both symbiotic algae photosynthesis and host aerobic cell metabolism (Byczkowski 
and Gessner, 1988; Asada, 1999) and these include superoxide anion radical (O2
•-), singlet 
oxygen (1O2), hydrogen peroxide (H2O2), and the hydroxyl radical (OH
•) (Asada and Takahashi, 
1987; Snoeijs et al., 2012). Nevertheless, during prolonged abiotic stress, e.g. heat and 
hyposaline stress (Lesser et al., 1990; Downs et al., 2000, 2002; Richier et al., 2006; Freire et 




cellular damage to both symbiotic algae and coral host. Lipid peroxidation is one of the most 
prevailing mechanisms of cellular damage (Halliwell and Gutteridge, 1999), it is a destructive 
process that compromises normal cellular function and, ultimately, leads to cell death (Lesser 
1997; Perez and Weis, 2006; Olsen et al., 2013). 
 
To prevent oxidative damage, both coral host and symbiotic algae have antioxidant mechanisms 
that maintain cellular ROS concentrations within a tolerable range, having a vital role in redox 
homeostasis (Nii and Muscatine, 1997; Richier et al., 2005). These antioxidant mechanisms can 
be non-enzymatic and enzymatic. Non-enzymatic mechanisms include glutathione, ascorbic 
acid, carotenoids, and tocopherols (Edge et al., 1997; Sies, 1997; Lesser, 2006), whereas 
enzymatic mechanisms include superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), and glutathione S-transferase (GST) (Lesser et al., 1990; Livingstone, 1991; 
Higuchi et al., 2008; Krueger et al., 2015). Cells employ several antioxidant strategies to 
detoxify ROS, but the mechanisms SOD-APX and SOD-CAT are the main enzymatic 
antioxidant pathways in eukaryotes (Asada, 1999; Halliwell, 2006). The enzyme SOD 
constitutes the first line of antioxidant defense, catalyzing the conversion of O2
•- to water and 
H2O2 (Fridovich, 1995). Afterwards, H2O2 is reduced by CAT and APX to water and oxygen 
(Venn et al., 2008), the latter only present in the zooxanthellae (Lesser et al., 1990). The enzyme 
GST plays an important role in the phase II biotransformation of intermediary metabolites 
produced during exposure to xenobiotics by conjugating glutathione with these products, being 
considered a main detoxification pathway. Furthermore, GST detoxifies DNA hydroperoxides 
and lipid peroxides, having a central role in cell macrostructural repair (Hayes and McLellan, 
1999, Limón-Pacheco and Gonsebatt, 2009).  
 
One of the main factors inducing shifts in coral community structure is differential 
susceptibility of coral species to environmental stresses (Marshall and Baird, 2000; Faxneld et 
al., 2010; Berkelmans et al., 2012; Dias et al., 2018, 2019a,b) and, among many other factors, 
is related to differences in the activity of specific molecular mechanisms that prevent the 
generation of ROS or protect against their destructive effects (Regoli et al., 2000; Brown et al., 
2002; Downs et al., 2002; Gardner et al., 2016). Oxidative stress parameters such as oxidative 
damage of lipids (lipid peroxidation – LPO) and antioxidant enzyme activity (superoxide 




biomarkers of cellular stress in different taxa subjected to both heat and hyposaline stress (Li et 
al., 2008; De Zoysa et al., 2009; Freire at al., 2012; Rodrigues et al., 2012; Madeira et al., 2013; 
Vinagre et al., 2014; Madeira et al., 2015; Cereja et al., 2018). These oxidative stress biomarkers 
have also been applied in several studies evaluating the response of scleractinian corals to heat 
stress and bleaching (e.g. Downs et al., 2000, 2002; Yakovleva et al., 2004; Flores-Ramírez and 
Liñan-Cabello, 2007; Higuchi et al., 2008; Fitt et al., 2009; Krueger et al., 2015; Dias et al., 
2019b). However, only two studies have been conducted on the effects of hyposaline conditions 
on at least one of the aforementioned oxidative stress biomarkers in scleractinian corals (Downs 
et al., 2009; Gardner et al., 2016). Moreover, no studies on the combined effects of high 
temperature and low salinity on these oxidative stress biomarkers have been made in 
scleractinian corals. 
 
Dias et al. (2018, 2019a) investigated the differential ability of nine scleractinian corals to 
survive, grow and regenerate small fragments, mimicking a post-storm scenario in a context of 
higher temperatures and lower salinity. These studies identified resistant and vulnerable species 
to conditions that are likely to be more frequent in the future, influencing coral asexual 
reproduction via fragmentation. In Dias et al. (2019a), the same experimental procedure was 
used, but with the assessment of mortality, coral condition, growth rate, and regeneration rate 
as both heat and hyposaline stress indicators every 20 days of experiment. Mortality rate of the 
coral species was highest in the combined treatment of high temperature + low salinity, with 
only one species surviving this treatment (Galaxea fascicularis). Only two species survived to 
the low salinity treatment (Psammocora contigua, G. fascicularis), presenting the lowest partial 
mortality and the best coral condition. In general, coral growth rates decreased as temperature 
increased and salinity decreased. Regeneration rates increased with temperature and decreased 
in the low salinity treatments. The species Pocillopora damicornis and Stylophora pistillata 
were the species most vulnerable, with all their fragments dead in the high temperature 
treatment. In the present study, we aim at testing the oxidative damage and antioxidant enzyme 
response of the same nine coral species, providing a new insight into the effects of heat and 






5.2. Materials and methods 
 
5.2.1. Study coral species 
 
This study included nine common and widely distributed reef-building coral species of the 
Indo-Pacific region (Veron, 1990, 2000) with four different morphologies: one massive species 
(Galaxea fascicularis), one encrusting species (Montipora capricornis green morphotype 
(GM)), three plating species (Montipora capricornis brown morphotype (BM), Turbinaria 
reniformis, and Echinopora lamellosa), and four branching species (Acropora tenuis, 
Pocillopora damicornis, Stylophora pistillata, and Psammocora contigua). These coral species 
were chosen in order to use the largest number of species available at “Oceanário de Lisboa” 
(a large public aquarium, www.oceanario.pt) with different i) colony morphology, a 
characteristic mentioned as having influence in coral species susceptibility to both heat and 
hyposaline stress (Loya et al., 2001; True, 2012), ii) heat stress susceptibility: severe (A. tenuis, 
P. damicornis, and S. pistillata), high (M. capricornis), moderate (E. lamellosa), and low (T. 
reniformis, G. fascicularis, and P. contigua) (Marshall and Baird, 2000; Dias et al., 2018), and 
iii) hyposaline stress susceptibility: severe (A. tenuis, P. damicornis, S. pistillata, M. 
capricornis, T. reniformis, E. lamellosa) and low (P. contigua and G. fascicularis) (Jokiel et 
al., 1993; Moberg et al., 1997; Ferrier-pagès et al., 1999; Kerswell and Jones, 2003; Blakeway, 
2004; Dias et al., 2019a). Coral species were identified according to Veron (2000). The coral 
colonies used in the experimental treatments have been maintained in captivity in a coral stock 
aquarium at “Oceanário de Lisboa (Portugal)” for five years, providing their thermal and 
salinity history information.  
 
5.2.2. Experimental design 
 
The experiments were conducted at “Oceanário de Lisboa, Portugal” (www.oceanario.pt). To 
test the long-term (60 days) effect of high temperature and hyposaline conditions, i) general 
condition (appearance: normal, pale, bleached, dead), ii) oxidative damage products 




in nine reef-forming coral species. Ten replicate fragments were cut from each coral colony, 
using a pincer or a pair of pliers. For the massive, encrusting and plating coral colonies the 
fragments were obtained by cutting approximately 30 mm sided squares and for the branching 
coral colonies the fragments were cut approximately 20-40 mm in length. All fragments were 
placed over egg crate panels in the coral stock aquarium until acclimation to the experimental 
aquarium.  
 
Each coral fragment was glued with epoxy putty to the top (Ø = 1.6 cm) of a nylon expansion 
anchor (Ø = 1.0 cm, L = 6.0 cm). Massive, encrusting, and plating fragments were placed in 
horizontal position, whilst branching fragments were placed in vertical position. The placement 
of the fragments varied with morphology in order to minimize the dead tissue area produced by 
epoxy putty application. Then, the set (anchor + coral fragment) was placed back over egg crate 
panels in the coral stock aquarium, to recover from the handling procedures for one day before 
acclimation to the experimental aquarium. 
 
To determine the long-term response of the nine-coral species to the individual and combined 
effects of high temperature and low salinity the coral fragments were exposed to different 
treatments: (a) control (26 °C, 33 psu) (26.1 ± 0.2 SD, 33.0 ± 0.1 SD), (b) high temperature (30 
ºC, 33 psu) (30.2 ± 0.5 SD; 33.0 ± 0.1 SD), (c) low salinity (26 °C, 20 psu) (25.9 ± 0.3 SD; 20.0 
± 0.1 SD), and (d) high temperature + low salinity (30 ºC, 20 psu) (29.9 ± 0.2 SD; 20.0 ± 0.1 
SD). Ten coral fragments of each coral species were exposed to each of the different treatments 
for 60 days. Coral fragments were acclimated at a rate of 1°C.hr-1 above the temperature of the 
coral stock aquarium (25 ºC). This heating rate was applied because coral reef-flat communities 
can experience temperature changes within this range during spring tides (Berkelmans and 
Willis, 1999), and most of the coral species in this study colonize the reef-flat zone (Brown and 
Suharsono, 1990; Fujioka, 1998). Moreover, studies have shown that salinity can drop very 
quickly in near-shore areas after heavy rainfalls (from 30 psu to 15 psu within 24 h, Jokiel et 
al., 1993; from 29 psu to 19 psu within 4 h, True, 2012), especially when concurrent with low 
tides (minutes to hours, Kerswell and Jones, 2003). Thus, the coral species were allowed to 
acclimate from 33 psu to 20 psu during five hours in both low salinity and high temperature + 
low salinity treatments.  The coral fragments were placed over two 40 x 40 cm egg crate panels 




from one another, and organized by coral species to avoid contact between fragments of the 
same and/or different species.  
 
The experimental aquarium (400 L) was fitted with a sump (280L) filled with bio-balls for 
biological filtration in which two Fluval M300 heaters, as well as a Hailea 500 chiller-controlled 
water temperature. For water circulation purposes, an AquaMedic OceanRunner 3500 pump 
provided a turnover rate of 5 times per hour. An AquaMedic Turboflotor 5000 Shorty protein 
skimmer helped to keep nutrient concentrations low, and increased surface water motion in the 
aquarium was accomplished by using an AquaClear 110 powerhead. Lighting requirements 
similar to the coral stock aquarium were attained by using a Litpa Jet5 floodlight with an 
AquaMedic 400W HQi lamp (13000K) on a 12 h light/ 12 h dark cycle. An air-stone was used 
in the aquarium to ensure good oxygen concentrations. 
 
Photosynthetically Active Radiation (PAR) levels were measured with a spheric quantic sensor 
(LI-193SA) and a data logger (1400 model) and varied between 320-345 µE.m-2s-1 in the 400-
700 nm waveband. The experimental treatments were conducted under low light conditions to 
minimize the synergistic effects with high light conditions (Fitt et al., 2001). Water quality 
parameters such as water temperature, salinity, and pH were measured on a daily basis. Water 
samples were also weekly analyzed to determine ammonium, nitrites, nitrates, calcium 
concentration, alkalinity as well as oxygen concentration and saturation. These parameters were 
maintained as follows: pH at 8.3, ammonium at 0 mg l-1, nitrites between 0.002 and 0.003 mg 
l-1, nitrates between 0 and 1.0 mg l-1, calcium concentration between 389 and 401 mg l-1, 
alkalinity approximately at 100 mg l-1, oxygen concentration between 6.6 and 7.1 mg l-1, and 
oxygen saturation between 101 and 104%.  Salinity was maintained with daily balanced 
additions of reverse osmosis freshwater and filtered artificial seawater. Whenever alkalinity 
levels were below 100 mg l-1 sodium bicarbonate was added to the system. Aquarium cleaning 







5.2.3. Survival, coral general condition and samples storage 
 
The number of surviving fragments of the nine-coral species was assessed every day during the 
60 days of the four experimental treatments with only the relevant days indicated in the results. 
The coral general condition was visually assessed in ten fragments of each coral species per 
treatment according to four categories: normal, pale, bleached, and dead (Jokiel and Coles, 
1974). Normal corals were defined as having their normal coloration while pale corals showed 
a visible decrease in pigmentation. Bleached corals were considered as totally colorless and 
dead corals had no tissue at all. Coral general condition was assessed on the 60th day of 
experiment by the same person to remove observer bias. After this procedure, six fragments of 
each coral species per treatment were removed from the experimental aquarium, separated from 
the respective anchor, and placed inside individual and identified sterilized bottles on ice-cold 
conditions. Nevertheless, there were combinations of experimental treatments and coral species 
where no fragments were taken at all due to mortality (Table 5.1). In the experimental 
treatments where the coral species were alive, the coral fragments with the highest amount of 
tissue were selected, this is, the coral fragments presenting the lowest or no partial mortality at 
all, since the ones presenting high partial mortality would not have enough tissue for biomarker 
analysis. Coral bleaching was not considered in the fragments selection since it would not have 
interfered with the tissue amount. The number of fragments of each coral species used in the 
four biomarker analysis per treatment is given in Table SM5.1 of the supplementary material. 
Then, they were kept inside refrigerated boxes and transported to the laboratory where they 









 Table 5.1. Number of surviving fragments of the nine-coral species tested on the relevant days of the four experimental treatments. C – control; HT – high temperature; LS – low salinity. 
    Days 
Treatment Species 1 2 3 4 5 6 7 8 9 10 12 13 14 15 16 17 21 24 25 27 33 36 38 41 43 46 48 52 55 59 60 
C 
A. tenuis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (BM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (GM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
T. reniformis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
E. lamellosa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. damicornis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
S. pistillata 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. contigua 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
HT 
A. tenuis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (BM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
M. capricornis (GM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
T. reniformis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
E. lamellosa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
P. damicornis 10 10 10 10 10 10 10 10 10 10 10 10 10 10 9 9 9 9 9 9 9 8 3 2 2 2 1 1 1 0 0 
S. pistillata 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 8 8 3 2 0 0 
P. contigua 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
LS 
A. tenuis 8 8 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (BM) 10 10 10 10 8 6 6 6 4 3 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (GM) 10 10 10 9 9 8 8 8 8 8 8 8 8 8 8 7 6 3 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. reniformis 10 10 10 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
E. lamellosa 10 10 8 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
G. fascicularis 10 10 10 10 10 10 10 10 10 10 10 9 8 8 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
P. damicornis 10 10 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S. pistillata 10 10 10 9 4 3 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
P. contigua 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
HT + LS 
A. tenuis 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (BM) 10 4 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M. capricornis (GM) 10 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
T. reniformis 10 10 10 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
E. lamellosa 10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
G. fascicularis 10 10 9 7 6 6 6 6 6 5 5 5 5 5 5 5 5 5 5 5 4 4 4 4 4 4 4 4 4 4 4 
P. damicornis 10 10 10 10 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S. pistillata 10 10 9 6 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 




5.2.4. Protein extraction 
 
Coral fragments were carefully rinsed with ultrapure water to remove salt water and any debris 
and then the excess moisture was dried with absorbent lab paper. Afterwards, all the coral 
fragments were smashed (1 fragment = 1 sample) with a mortar and pestle and then were placed 
on 5 mL plastic microtubes. The samples were then homogenized in 1 mL of phosphate buffered 
saline solution (PBS consisting of 0.14 M NaCl, 0.003 M KCl, 0.01 M Na2HPO4, 0.002 M 
KH2PO4, pH 7.4) to extract cytosolic proteins, using a glass/teflon Potter Elve-jhem tissue 
grinder, in ice-cold conditions and mixed. The crude homogenates were then centrifuged at 4 
°C for 15 min at 10,000 × g. The supernatant was collected, transferred to new microtubes (1.5 
mL) and frozen immediately (−80 ºC). 
 
 5.2.5. Total Protein determination 
 
For normalizing the results, the total protein content was determined through the Bradford 
method (Bradford, 1976). A calibration curve was obtained using bovine serum albumin (BSA) 
standards (0-2.0 mg.mL−1). 
 
5.2.6. Oxidative damage products – lipid peroxidation 
 
The lipid peroxides assay was adapted from the thiobarbituric acid reactive substances 
(TBARS) protocol (Uchiyama and Mihara, 1978). In brief, five µL of each sample, already 
processed as previously described were added to 45 µL of 50 mM monobasic sodium phosphate 
buffer. Then 12.5 µL of SDS 8.1%, 93.5 µL of trichloroacetic acid (20%, pH = 3.5) and 93.5 
µL of thiobarbituric acid (1%) were added to each microtube. To this mixture, 50.5 µL of Milli-
Q grade ultrapure water was added. Then, the microtubes were put in a vortex for 30 s, 
centrifuged at 10,000 × g for 1 min, their lids were punctured with a needle and then incubated 
in boiling water for 10 min. To stop the reaction, they were placed on ice for a few minutes and 




vortex and centrifuged at 10,000 × g for 1 min. Duplicates of 150 µL of the supernatant of each 
reaction were put into a 96-well microplate and absorbance was read at 530 nm. To quantify 
the lipid peroxides, an eight-point calibration curve (0–0.3 µM TBARS) was calculated using 
malondialdehyde bis (dimethylacetal) (MDA) standards (Merck Millipore, Portugal). 
 
5.2.7. Enzymatic assays 
 
5.2.7.1. Superoxide dismutase activity 
Superoxide dismutase (SOD) activity (EC1.15.1.1) was assessed by using nitroblue tetrazolium 
(NBT) and xanthine oxidase (XOD) according to Sun et al. (1988). After reading the absorbance 
at 560 nm, SOD activity was calculated using the following equation for the % inhibition, 
formula 5.1: 
 
((Abs₅₆₀/ min negative control − Abs ₅₆₀/ min sample) (Abs₅₆₀/ min negative control)) x 100 ⁄  
 
5.2.7.2. Catalase activity 
Catalase (CAT) activity (EC1.11.1.6) was assessed by using the peroxidatic function of catalase 
for determination of enzyme activity. The method is based on the reaction of catalase with 
methanol in the presence of hydrogen peroxide according to a method previously described by 
Johansson and Borg (1988) and adapted for 96-well microplate. In brief, 20 µL of sample in 
sample buffer (25 mM of KH2PO4, containing 1 mM EDTA and 0.1% BSA; pH 7.0), 30 µL 
methanol and 100 µL of assay buffer (100 mM KH2PO4, pH 7.0) were added to microplate 
wells. Then, 20 µL of standard (4.25 mM formaldehyde), 30 µL methanol and 100 µL of assay 
buffer were added to formaldehyde standard wells. To the positive control wells, were added 
20 µL of diluted CAT (bovine liver CAT), 30 µL of methanol and 100 µL of assay buffer. 
Afterwards, the reaction was initiated by adding 20 µL of hydrogen peroxide (0.035 M H2O2) 
to the microplate wells. Then, the microplate was covered with aluminum foil and incubated 
during 20 min at room temperature under gentle agitation on a shaker. Following incubation, 




reaction, followed by adding 30 µL of Purpald chromogen (34.2 mM of 4-amino-3-hydrazino-
5-mercapto-1,2,4-triazole) to each well. Again, the microplate was covered and incubated on a 
shaker for 10 min at room temperature. Next, 10 µL of potassium periodate (65.2 mM KIO4) 
was added to each well and the microplate incubated for 5min on the shaker. The absorbance 
was read at 540 nm using a microplate reader (Benchmark, Bio-Rad, USA).  
 
5.2.7.3. Glutathione S-transferase activity 
The enzymatic assay of glutathione S-transferase (GST) activity (EC 2.5.1.18) was adapted 
from Habig et al. (1974), using the CDNB (1-chloro-2,4-dinitrobenzene) as the enzyme 
substrate, and optimized for 96-well microplates. After reading the absorbance at 340 nm GST 
activity was calculated using a molar extinction coefficient for CDNB of 5.3 ɛmM (mM−1cm−1) 
after correction for the microplate wells path length. 
 
5.2.8. Statistical analyses 
 
In the present study, we intended to analyze the response of each biomarker to the stress factors 
alone and in interaction per coral species. Interaction between the factors temperature and 
salinity is ecologically relevant, and analyzing their interaction was the objective of the study. 
Still, looking at differences between different levels of temperature, salinity or their interaction 
for different species would not be relevant. Thus, a three-way nested PERMANOVA was 
performed (Anderson, 2001). Euclidean distances were used to calculate the similarity matrix 
(coral species, temperature and salinity were fixed factors with temperature and salinity nested 
in coral species) that was used to test whether coral fragments’ lipid peroxidation; superoxide 
dismutase, catalase and glutathione S-transferase activities were affected by coral species, 
temperature, and salinity. The permutation of residuals under a reduced model was selected and 
the model was run for 9999 permutations. Analyses were performed using PERMANOVA+ for 
PRIMER v6 (PRIMER-E Ltd., Plymouth). Post-hoc pair-wise comparisons were then 
performed using PERMANOVA to compare between treatments and coral species. Differences 








In the control treatment, all the coral species fragments’ survived throughout the course of the 
experiment (Table 5.1). In the high temperature treatment, a major decrease in the number of 
surviving fragments was observed in P. damicornis on the 38th day and in S. pistillata on the 
52nd day of experiment (3 fragments, Table 5.1). All the other species fragments survived 
throughout the 60 days of the experiment (Table 5.1). In the low salinity treatment, the coral 
species A. tenuis was the first presenting the highest decrease in the number of surviving 
fragments (3 fragments on the 3rd day), followed by both E. lamellosa and P. damicornis (4 and 
0 fragments, respectively, on the 4th day), S. pistillata (4 fragments on the 5th day), T. reniformis 
(0 fragments on the 6th day), M. capricornis (BM) (4 fragments on the 9th day), and, ultimately, 
by M. capricornis (GM) (3 fragments on the 24th day, Table 5.1). The coral species G. 
fascicularis did not present a great reduction in the number of surviving fragments, it 
maintained 7 surviving fragments since the 16th day until the end of the experiment (Table 5.1). 
Psammocora contigua was the only species that maintained all of its fragments alive during the 
60 days of experiment (Table 5.1). In the high temperature + low salinity treatment, A. tenuis, 
M. capricornis (BM), M. capricornis (GM), and E. lamellosa presented the first great decrease 
in the number of surviving fragments (0, 4, 3 and 1 fragments, respectively, on the 2nd day), 
followed by T. reniformis, P. damicornis, and S. pistillata (0, 3 and 2 fragments, respectively, 
on the 5th day), P. contigua (2 fragments on the 16th day), and, finally, by G. fascicularis (4 
fragments on the 33th day, Table 5.1). In the high temperature + low salinity treatment, it was 
observed that the majority of the tested species presented a great reduction in the number of 
surviving fragments earlier than in both high temperature and low salinity treatments. This 
response may indicate a negative synergistic effect of these two variables on the survival of the 







5.3.2. Coral general condition 
 
After 60 days of the experimental trials, in control treatment, all the coral species’ fragments 
were normal (Fig. 5.1). In the high temperature treatment, the fragments of A. tenuis, M. 
capricornis (GM), E. lamellosa, and G. fascicularis were normal (Fig. 5.1). Seventy percent of 
the fragments of M. capricornis (BM), all the fragments of T. reniformis, and 60% of the 
fragments of P. contigua were pale (Fig. 5.1). All the fragments of P. damicornis and S. 
pistillata were dead (Fig. 5.1). In the low salinity treatment, all the coral species’ fragments 
were dead, exceptions of G. fascicularis (70% bleached and 30% dead) and P. contigua (10% 
normal, 20% pale and 70% bleached) (Fig. 5.1). In the high temperature + low salinity 
treatment, only the coral fragments of G. fascicularis were not completely dead (40% bleached 
and 60% dead; Fig. 5.1). 
 
 
Figure 5.1. Coral general condition of the nine-coral species studied in the four experimental treatments. C - control, HT - high 




5.3.3. Lipid peroxidation (LPO)  
 
Lipid peroxidation levels were significantly affected by the independent effect of coral species 
and temperature (PERMANOVA p-value < 0.05, Table 5.2). In the control treatment, the 
fragments of M. capricornis (GM) and E. lamellosa showed the highest LPO levels 
(PERMANOVA pair-wise p-value < 0.05) (0.203 µmol.mg⁻¹ of total protein and 0.167 
µmol.mg⁻¹ of total protein, respectively; Fig. 5.2a, PERMANOVA pair-wise p-value > 0.05), 
whilst M. capricornis (BM), T. reniformis, and A. tenuis fragments had the lowest LPO levels 
(PERMANOVA pair-wise p-value < 0.05) (0.015 µmol.mg⁻¹ of total protein, 0.017 µmol.mg⁻¹ 
of total protein, and 0.019 µmol.mg⁻¹ of total protein respectively; Fig. 5.2a, PERMANOVA 
pair-wise p-value > 0.05). In the high temperature treatment, the fragments of E. lamellosa 
presented the highest LPO levels (0.555 µmol.mg⁻¹ of total protein, Fig. 5.2a; PERMANOVA 
pair-wise p-value < 0.05), whilst the fragments of A. tenuis and T. reniformis displayed the 
lowest LPO levels (PERMANOVA pair-wise p-value < 0.05) (0.009 µmol.mg⁻¹ of total protein 
and 0.011 µmol.mg⁻¹ of total protein, respectively; Fig. 5.2a, PERMANOVA pair-wise p-value 
> 0.05). In the low salinity treatment, P. contigua fragments presented the highest LPO levels 
(0.051 µmol.mg⁻¹ of total protein, Fig. 5.2a; PERMANOVA pair-wise p-value < 0.05) and G. 
fascicularis fragments showed the lowest LPO levels (0.017 µmol.mg⁻¹ of total protein, Fig. 
5.2a; PERMANOVA pair-wise p-value < 0.05). In the high temperature + low salinity 
treatment, G. fascicularis was the only coral species presenting LPO levels (0.048 µmol.mg⁻¹ 
of total protein, Fig. 5.2a). 
 
The fragments of Montipora capricornis (BM), E. lamellosa, A. tenuis, and P. contigua 
presented significant intraspecific differences in LPO levels between control and high 
temperature treatment (Fig. 5.2a, PERMANOVA pair-wise p-value < 0.05), being higher in the 
high temperature treatment in the first two coral species and higher in the control treatment in 
the last two coral species. The fragments of G. fascicularis also displayed significant 
intraspecific differences in LPO levels between control and low salinity treatment (Fig. 5.2a, 






Figure 5.2. Mean ± SD of (a) LPO (MDA concentration µmol.mg−1 of total protein), (b) superoxide dismutase activity (% inhibition.mg-1 of total protein), (c) catalase activity (µmol.min−1.mg−1 
of total protein), and (d) glutathione S-transferase (GST) activity (µmol.min−1.mg−1 of total protein) for the nine-coral species studied in the four experimental treatments. C - control, HT - high 




Table 5.2. Summary of results of PERMANOVA permutation tests applied to report the effects of coral species (Sp), 
temperature (Te), and salinity (Sa) in coral fragments’ lipid peroxidation (LPO); superoxide dismutase (SOD), catalase (CAT) 
and glutathione S-transferase (GST) activities. Significant differences are marked in bold. 
  df SS MS Pseudo-F P(perm) Unique perms 
LPO             
Sp 8 1.2 0.1 40.3 0.0001 9945 
Te (Sp) 7 0.4 5.6 × 10⁻² 15.6 0.0001 9950 
Sa (Sp) 2 2.5 × 10⁻³ 1.2 × 10⁻³ 0.3 0.6447 9932 
Te (Sp) × Sa (Sp) 1 6.1 × 10⁻⁴ 6.1 × 10⁻⁴ 0.2 0.6439 9812 
              
SOD activity             
Sp 8 1.6 × 10⁶ 2.0 × 10⁵ 46.4 0.0001 9936 
Te (Sp) 7 2.0 × 10⁶ 2.8 × 10⁵ 66.7 0.0001 9957 
Sa (Sp) 2 5.3 × 10⁴ 2.7 × 10⁴ 6.3 0.0040 9933 
Te (Sp) × Sa (Sp) 1 6.6 × 10⁴ 6.6 × 10⁴ 15.4 0.0002 9816 
              
CAT activity             
Sp 8 4.2 0.5 45.0 0.0001 9929 
Te (Sp) 7 1.8 0.3 22.3 0.0001 9948 
Sa (Sp) 2 2.0 × 10⁻² 9.9 × 10⁻³ 0.8 0.3902 9907 
Te (Sp) × Sa (Sp) 1 1.3 × 10⁻³ 1.3 × 10⁻³ 0.1 0.5729 9547 
              
GST activity             
Sp 8 0.6 7.5 × 10⁻² 25.0 0.0001 9939 
Te (Sp) 7 0.3 4.4 × 10⁻² 14.6 0.0001 9937 
Sa (Sp) 2 2.1 × 10⁻² 1.1 × 10⁻² 3.5 0.0431 9939 
Te (Sp) × Sa (Sp) 1 1.3 × 10⁻³ 1.3 × 10⁻³ 0.4 0.4807 9808 
 
5.3.4. Superoxide dismutase (SOD) 
 
Superoxide dismutase activity was significantly affected by the interactive effects of 
temperature and salinity (PERMANOVA p-value < 0.05, Table 5.2). In the control treatment, 
E. lamellosa fragments presented the highest SOD activity (381.1% inhibition.mg⁻¹ of total 
protein; Fig. 5.2b; PERMANOVA pair-wise p-value < 0.05), whereas the fragments of M. 
capricornis (BM) presented the lowest SOD activity (42.9% inhibition.mg⁻¹ of total protein; 
Fig. 5.2b; PERMANOVA pair-wise p-value < 0.05). In the high temperature treatment, M. 
capricornis (BM) showed the highest SOD activity (831.4% inhibition.mg⁻¹ of total protein; 
Fig. 5.2b; PERMANOVA pair-wise p-value < 0.05), whilst T. reniformis displayed the lowest 
SOD activity (55.3% inhibition.mg⁻¹ of total protein; Fig. 5.2b; PERMANOVA pair-wise p-
value < 0.05). In the low salinity treatment, P. contigua fragments had the highest SOD activity 
(253.1% inhibition.mg⁻¹ of total protein; Fig. 5.2b; PERMANOVA pair-wise p-value < 0.05), 




total protein; Fig. 5.2b; PERMANOVA pair-wise p-value < 0.05). In the high temperature + 
low salinity treatment only G. fascicularis fragments displayed SOD activity (307.9% 
inhibition.mg⁻¹ of total protein; Fig. 5.2b). 
 
The fragments of M. capricornis (BM), M. capricornis (GM), E. lamellosa, T. reniformis, G. 
fascicularis, and P. contigua presented intraspecific differences in SOD activity between 
control and high temperature treatment (Fig. 5.2b, PERMANOVA pair-wise p-value < 0.05), 
being higher in the high temperature treatment in the first three coral species and higher in the 
control treatment in the last three species. The fragments of G. fascicularis and P. contigua also 
showed significant intraspecific differences in SOD activity between control and low salinity 
treatment, being higher in control treatment in G. fascicularis and higher in low salinity 
treatment in P. contigua (Fig. 5.2b, PERMANOVA pair-wise p-value < 0.05). Moreover, G. 
fascicularis fragments presented significant intraspecific differences between control and high 
temperature + low salinity treatment, being higher in high temperature + low salinity treatment 
(Fig. 5.2b, PERMANOVA pair-wise p-value < 0.05). 
 
5.3.5. Catalase (CAT) 
 
Catalase activity was significantly affected by the independent effect of coral species and 
temperature (PERMANOVA p-value < 0.05, Table 5.2). In both the control and high 
temperature treatments, Echinopora lamellosa fragments had the highest catalase activity 
(PERMANOVA pair-wise p-value < 0.05) (0.294 µmol.min⁻¹.mg⁻¹ of total protein and 1.033 
µmol.min⁻¹.mg⁻¹ of total protein, respectively; Fig. 5.2c), whilst the lowest catalase activity was 
detected in the fragments of A. tenuis in both control and high temperature treatments 
(PERMANOVA pair-wise p-value < 0.05) (0.003 µmol.min⁻¹.mg⁻¹ of total protein in both 
treatments; Fig. 5.2c). In the low salinity treatment, the coral species did not present significant 
differences between one another (G. fascicularis: 0.004 µmol.min⁻¹.mg⁻¹ of total protein and 
P. contigua: 0.003 µmol.min⁻¹.mg⁻¹ of total protein; Fig. 5.2c, PERMANOVA pair-wise p-
value > 0.05). In the high temperature + low salinity treatment, only G. fascicularis showed 




Montipora capricornis (BM), M. capricornis (GM), E. lamellosa, G. fascicularis, T. reniformis, 
and P. contigua catalase activity showed significant intraspecific differences between control 
and high temperature treatment (Fig. 5.2c, PERMANOVA pair-wise p-value < 0.05), being 
higher in the high temperature treatment in the first four coral species and higher in the control 
treatment in the last two coral species. The species G. fascicularis and P. contigua also 
displayed significant intraspecific differences between control and low salinity treatment, being 
higher in the control treatment (Fig. 5.2c, PERMANOVA pair-wise p-value < 0.05). Moreover, 
G. fascicularis fragments presented significant intraspecific differences between control and 
high temperature + low salinity treatment, being higher in control treatment (Fig. 5.2c, 
PERMANOVA pair-wise p-value < 0.05).  
 
5.3.6. Glutathione S-transferase (GST) 
 
Glutathione S-transferase activity was significantly affected by the independent effect of coral 
species, temperature and salinity (PERMANOVA p-value < 0.05, Table 5.2). In both the control 
and high temperature treatments, Echinopora lamellosa fragments had the highest GST activity 
(PERMANOVA pair-wise p-value < 0.05) (0.207 µmol.min⁻¹.mg⁻¹ of total protein and 0.419 
µmol.min⁻¹.mg⁻¹ of total protein, respectively; Fig. 5.2d), whilst the lowest GST activity was 
detected in the fragments of M. capricornis (BM) in the control treatment (0.012 
µmol.min⁻¹.mg⁻¹ of total protein; Fig. 5.2d, PERMANOVA pair-wise p-value < 0.05) and in 
the fragments of P. contigua, T. reniformis, and A. tenuis in the high temperature treatment 
(0.041 µmol.min⁻¹.mg⁻¹ of total protein, 0.043 µmol.min⁻¹.mg⁻¹ of total protein, and 0.073 
µmol.min⁻¹.mg⁻¹ of total protein, respectively; Fig. 5.2d, PERMANOVA pair-wise p-value < 
0.05). In the low salinity treatment, P. contigua fragments presented the highest GST activity 
(0.104 µmol.min⁻¹.mg⁻¹ of total protein, Fig. 5.2d, PERMANOVA pair-wise p-value < 0.05), 
whilst G. fascicularis fragments had the lowest GST activity (0.017 µmol.min⁻¹.mg⁻¹ of total 
protein, Fig. 5.2d, PERMANOVA pair-wise p-value < 0.05). In the high temperature + low 
salinity treatment only G. fascicularis presented GST activity (0.052 µmol.min⁻¹.mg⁻¹ of total 




The fragments of M. capricornis (BM), M. capricornis (GM), E. lamellosa, G. fascicularis, T. 
reniformis, and P. contigua presented significant intraspecific differences in GST activity 
between the control and high temperature treatment (Fig. 5.2d, PERMANOVA pair-wise p-
value < 0.05), being higher in the high temperature treatment in the first four coral species and 
higher in the control treatment in the last two coral species. The fragments of G. fascicularis 
also showed significant intraspecific differences in GST activity between control and low 
salinity treatment, being higher in control treatment (Fig. 5.2d, PERMANOVA pair-wise p-
value < 0.05).  
 
5.4. Discussion and conclusions 
 
The present study investigated the individual and combined effects of high temperature and low 
salinity on mortality, coral condition, oxidative damage and antioxidant enzyme activity of nine 
reef-forming coral species of the Indo-Pacific. The results of this experiment are in agreement 
with previous studies showing that long-term exposure to high temperature and low salinity 
individually can cause changes in coral condition (Jokiel et al., 1993; Kerswell and Jones, 2003; 
Dias et al., 2018, 2019a,b). Hyposaline stress proved to affect the corals in a much more severe 
degree than thermal stress. Only two species died at high temperature (P. damicornis and S. 
pistillata), while low salinity resulted in the death of all species with the exception of two (P. 
contigua and G. fascicularis). Furthermore, the combination of high temperature and low 
salinity had a negative synergistic effect on coral condition. This synergistic response had 
already been observed in previous studies (Coles and Jokiel, 1978; Xiubao et al., 2009; Faxneld 
et al., 2010; Dias et al., 2019a).  
 
Regarding the oxidative stress biomarkers’ results, long-term exposure to high temperature led 
to increases in the activity of the antioxidant enzymes in four species. The induction of these 
antioxidant enzymes occurs in order to counteract the effects of excessive ROS generated 
during heat stress (Burdon et al., 1990; Richier et al., 2006). However, even though cellular 
antioxidant enzyme defenses have been activated, the levels of lipid peroxidation increased in 
two species in the high temperature treatment. On the other hand, long-term exposure to low 




These results may indicate that coral species differ in their cellular physiology and the strategies 
applied to diminish oxidative stress.  
 
The coral general condition observations indicate that all the coral species tested are susceptible 
to long-term exposure to the low salinity treatment. Psammocora contigua and G. fascicularis 
were the only survivors and therefore the most tolerant to prolonged hyposaline stress. Mayfield 
and Gates (2007) stated that while both partners of the symbiosis probably have ways of 
counteract hypo-osmotic stress, there is a determined threshold from which noxious 
physiological effects are experienced. These physiological effects include symbiotic algae loss 
or even death. According to our results it may seem that the threshold was surpassed for all 
coral species, given that even the most tolerant corals presented bleached fragments and, in the 
case of G. fascicularis, dead fragments were also observed. Moreover, given the different 
response of the tested coral species to protracted hyposaline conditions, this work corroborates 
previous studies stating that tolerance to hyposaline conditions is species-specific (Lirman and 
Manzello, 2009; Faxneld et al., 2010; Berkelmans et al., 2012; Dias et al., 2019a). Psammocora 
contigua and G. fascicularis have been cited in other studies as being highly tolerant to 
hyposaline conditions (Van Woesik, 1994; Xiubao et al., 2009; Dias et al., 2019a).  
 
In the low salinity treatment, P. contigua was severely affected by long-term exposure to 
hyposaline conditions, as observed by 70% of its fragments being bleached. The increase in 
SOD activity observed in this species may have occurred as a way to counteract the increased 
ROS production resulting from the enhanced metabolic rates in consequence of osmoregulation 
demands (Freire et al., 2012). In the majority of biological systems, H2O2 scavenging is most 
proficiently accomplished by catalase (Munoz-Munoz et al., 2009), however, coral fluorescent 
proteins (FPs) are also able to proficiently scavenge H2O2 (Palmer et al., 2009), this may explain 
the P. contigua fragments’ decrease in CAT activity in the low salinity treatment. Given that 
cells cannot be completely detoxified by SOD (Aguilera and Rautenberger, 2012) and that CAT 
activity decreased in the low salinity treatment, it is likely that FPs may have scavenged H2O2 
preventing any cellular damage via lipid peroxidation. As the antioxidant activity is limited, 
bleaching, the coral’s final defense mechanism against oxidative stress, was activated (Downs 




In the low salinity treatment, G. fascicularis presented a decrease in both oxidative-stress 
response (SOD, CAT, and GST activities) and damage (LPO levels) compared to control. This 
species was affected even more severely than P. contigua in terms of coral condition, presenting 
30% of mortality. The overall decrease of capacity of antioxidant enzymes to counteract ROS 
during prolonged exposure to low salinity may be related to damage on ROS-sensitive enzymes, 
as observed by the decrease in antioxidant activity (Hermes-Lima and Storey, 1993). Another 
possible explanation relates to ROS have been scavenged by FPs (Bou-Abdallah et al., 2006; 
Palmer et al., 2009).  
 
In the high temperature + low salinity treatment, all the coral species died except for G. 
fascicularis fragments. Even this species had its coral condition worsened compared to low 
salinity treatment. Thus, the coral condition results obtained in the high temperature + low 
salinity treatment indicate that these two environmental variables acted in synergy on the coral 
species in study, leading to higher bleaching and mortality when compared with the other 
treatments. This synergistic effect is probably the result of a strong increase in metabolic rate 
due to both temperature induced increase in metabolism and the costs of osmoregulation acting 
together. Although G. fascicularis presented high mortality in this treatment, the fact that a 
considerable proportion (40%) of its fragments survived and that there was an oxidative-stress 
response (SOD activity increase), suggests that this species can cope with this level of heat and 
hyposaline stress for 60 days.  
 
The duration of both heat and hyposaline stress events can change among years and geographic 
locations (Coles and Jokiel, 1992; Stimson et al., 2002; Liu et al., 2003; Pratchett et al., 2011). 
Heat stress events tend to have a higher duration than reduced salinity stress events (26-184 
days and 16-98 days, respectively; Brown and Suharsono, 1990; Coles and Jokiel, 1992; Van 
Woesik et al., 1995; Goldberg and Wilkinson, 2004; Guest et al., 2012; Butler et al., 2013). 
Considering our results, on the 26th day of experiment, none of the tested coral species would 
have been considered susceptible to the high temperature treatment. Regarding the salinity 
duration, on the 16th day of experiment, the species A. tenuis, M. capricornis (BM), T. 
reniformis, E. lamellosa, P. damicornis, and S. pistillata would have been considered the most 
vulnerable to the low salinity treatment, this is, M. capricornis (GM) would not have been 




temperature + low salinity treatment, on the 26th day of experiment, the minimum number of 
days of a heat stress event, all the species’ fragments were dead with the exception of 2 
fragments of P. contigua and 5 fragments of G. fascicularis, this is, P. contigua would have 
survived to an experiment duration of 26 days. Therefore, stress duration is one of the crucial 
factors affecting the physiological response of coral species to both heat and hyposaline stress. 
 
Adaptation of reef-building corals to the expected temperatures and salinities will depend on 
their inherent traits (e.g. ability of corals to draw on energy reserves and heterotrophic capacity, 
Grottoli et al., 2017) and on both magnitude and duration of the stress (D’Croz and Maté, 2002). 
Adaptation may occur through physiological acclimatization of both the host coral and 
symbiotic algae (e.g. increased production of antioxidant enzymes, Barshis et al., 2013), 
symbiont shuffling or shifts in the abundance of existing zooxanthellae (Jones et al., 2008; 
Silverstein et al., 2012), microbiome alteration (Röthig et al., 2016), and genetic adaptation 
(Van Woesik et al., 2011; Voolstra et al., 2011). Deviating environmental conditions can 
strongly impair reef-building corals’ physiological performance (D’ Angelo et al., 2015).  For 
instance, natural populations of “super corals” that are tolerant of stressful conditions might 
arise after repeated bleaching events (McClanahan, 2017) or in more variable environments 
(Chui and Ang, 2017; Ruiz-Jones and Palumbi, 2017) if the duration and magnitude of the stress 
do not surpass those species thermal and saline threshold (Berkelmans, 2002; Depczynski et 
al., 2013). In our study, if the duration of the high temperature + low salinity treatment was 
shorter, the physiological acclimation of a high number of the tested species would probably be 
possible. Physiological acclimation might have been possible in a short-term experiment due to 
both higher number of species alive and lower level of physiological stress. Terms herein 
followed the terminology of Brown (1997b). Acclimation describes changes in tolerances under 
laboratory or other experimental conditions, generally over the short-term. Acclimatization 
refers to phenotypic changes, usually reversible, by an organism to stresses in the natural 
environment that result in the readjustment of the organism’s tolerance levels, being limited by 
the organism’s genotype.  
 
Scleractinian corals living in near-shore reefs are especially susceptible to the effects of global 
climate change. As these corals live near the mainland, they are exposed to drastic changes in 




True, 2012). The resultant hyposaline conditions often result in bleaching and mortality of the 
coral species inhabiting near-shore reef environments (Goreau, 1964; Jokiel et al., 1993; 
Blakeway, 2004). Given that the coral species in study live in near-shore environments and that 
extreme precipitation events associated with tropical storms are expected to increase in the near 
future, most of the corals species in study won’t be able to survive those conditions. Moreover, 
given that increases in SSTs are also expected, the combined effects of high temperature and 
low salinity will be extremely deleterious for all the coral species tested. Only one of the nine 
coral species tested could withstand the synergistic effects of high temperature and low salinity, 
although with considerable damage in terms of condition. Galaxea fascicularis is considered a 
“stress-tolerant” species, defined as a coral with broadcast spawning reproduction, slow-grow 
rates, longer generation times, large corallites and high fecundity (Darling et al., 2012). These 
inherent traits may provide G. fascicularis higher tolerance to the synergistic effects of high 
temperature and low salinity compared to the other coral species tested, and thus a competitive 
advantage over other corals in future oceans. Given the expected predictions under the global 
climate change scenario, major shifts from coral dominated to algal dominated communities 
are the most probable scenario for near-shore reefs. 
 
This study focused on the interaction of high temperature and low salinity associated with the 
increase in SSTs and in tropical storms’ frequency and intensity in the Indo-Pacific oceans. 
However, other environmental variables not tested in this study can be altered by global climate 
change such as ultraviolet radiation levels (Hoegh-Guldberg and Bruno, 2010), pH (Manzello, 
2010), dissolved inorganic nutrient levels (Wiedenmann et al., 2013), and sediment loads 
(Browne, 2012). Furthermore, alterations in the environmental variables studied may also 
happen. Higher temperatures are a likely scenario in the future. As observed in Dias et al. 
(2018), long-term exposure to temperatures of 32 °C led to the death of six out of the nine coral 
species tested. Given the results obtained in the treatment high temperature + low salinity (30 
°C + 20) of the present study, the combination of 32 °C + 20 would probably lead to the death 
of most of the tested species, if such conditions last 60 days.  
 
Our study shows variability in the regulation of antioxidant enzyme activity by the coral species 
in study in both high temperature and low salinity treatments. Pocillopora damicornis and S. 




and G. fascicularis were the most resistant to low salinity. Galaxea fascicularis was the only 
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5.6. Supplementary material 
 
 
Table SM5.1. Number of coral species fragments (n) used in each oxidative stress biomarker analysis (LPO – lipid peroxidation; SOD – superoxide dismutase; CAT – catalase; GST- glutathione 
S-transferase) per experimental treatment. C- control, HT – high temperature, LS – low salinity. 
 
  Treatments 
  C HT LS HT + LS 
Species LPO SOD CAT GST LPO SOD CAT GST LPO SOD CAT GST LPO SOD CAT GST 
Acropora tenuis 5 5 6 5 5 5 5 5 0 0 0 0 0 0 0 0 
Montipora capricornis (BM) 5 5 5 5 6 6 6 5 0 0 0 0 0 0 0 0 
Montipora capricornis (GM) 5 6 5 5 5 6 6 6 0 0 0 0 0 0 0 0 
Turbinaria reniformis 6 5 6 5 6 5 5 5 0 0 0 0 0 0 0 0 
Echinopora lamellosa 5 6 6 6 5 6 6 6 0 0 0 0 0 0 0 0 
Galaxea fascicularis 6 5 5 5 5 6 5 5 5 6 6 6 4 4 4 4 
Pocillopora damicornis 5 6 5 6 0 0 0 0 0 0 0 0 0 0 0 0 
Stylophora pistillata 6 6 6 6 0 0 0 0 0 0 0 0 0 0 0 0 
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Global warming is one of the major causes of reef coral ecosystems degradation. Predictions of 
further rise in sea surface temperatures call for urgent action. In this study, a holistic method 
for bio-monitoring heat stress in reef ecosystems was tested and optimized. Long-term 
oxidative stress induced by elevated temperatures (30 °C and 32 ºC) was studied on fragments 
of reef-building corals, and compared to control conditions (26 °C). The quantification of 
oxidative stress biomarkers superoxide dismutase (SOD), catalase (CAT) and glutathione S-
transferase (GST) activities and lipid peroxidation (LPO) levels in a long-term experiment (60 
days), using seven Indo-Pacific reef-building coral species, provided useful information that 
was interpreted in combination with the observed partial mortality and growth rate of these 
organisms. These biomarkers were combined in integrated biomarker response (IBR) indices, 
either in a biomarker of oxidative stress response category (approach A: GST, CAT, LPO, and 
SOD) or in an integrated response category - organism performance (approach B: GST, CAT, 
LPO, SOD, partial mortality, and growth rate). The results of this study indicate that the IBRs 
were responsive to temperature treatment and dependent on the coral species. The approach B 
was the most adequate since it better reflected the stress suffered by the tested species, whereas 
the set of four molecular biomarkers (approach A) was not enough to explain the organismal 
response of most of the tested species to thermal stress conditions.  
 
Keywords: global climate change, ocean warming, integrated biomarker response, oxidative 










6.1. Introduction and literature review 
 
Global climate change induced by anthropogenic activities has profound implications upon 
marine ecosystems (Lehtonen et al., 2014), as it exacerbates their degradation through increase 
in thermal stress due to ocean warming (Hughes et al., 2003; Hoegh-Guldberg et al., 2007). 
Thermal stress affects all physiological processes, ranging from protein damage, to membrane 
fluidity, to organ function and organism performance (Hochachka and Somero, 2002). 
Ultimately, it can lead to mass mortality events, an issue that has been particularly serious in 
many coral reefs at a worldwide level, raising public and scientific concern (Fabricius et al., 
2007; Hoegh-Guldberg et al., 2007). As reef-building corals are habitat-forming species that 
strongly influence the macro- and micro- structure of the habitat and originate locally stable 
conditions for other organisms (Dayton, 1972), ecosystem functions may be severely affected 
by their degradation.  
 
Most reef-building corals may not have the ability to fast adapt to the accelerating pace of 
climate change (Skelly et al., 2007). As a result, dramatic changes are expected in coral reef 
communities. In recent years, episodes of mass coral bleaching in the Indo-Pacific region have 
led to catastrophic loss of coral cover in some locations, and changes in coral reef communities’ 
structure in many others (Furby et al., 2013; Khalil et al., 2013; Hughes et al., 2017, 2018; Le 
Nohaïc et al., 2017). These episodes result in the replacement of dominant and branching heat-
susceptible coral species by sub-dominant and massive heat-tolerant coral species in some 
locations (Van Woesik et al., 2011), and in shifts in dominance from scleractinian corals to 
macroalgae or other sessile invertebrate-dominated benthic functional groups in many others 
(Nyström et al., 2000; Norström et al., 2009; Hughes et al., 2010; Tebbett et al., 2019). 
Therefore, mass bleaching events have resulted in an overall decline of biodiversity and loss of 
functional complexity (Baker et al., 2008; Graham et al., 2008; Pratchett et al., 2008; 
Ateweberhan et al., 2011).  
 
Average sea surface temperatures (SSTs) near coral reef ecosystems are predicted to further 
rise 1–3.7 °C over the 21st century (IPCC, 2014, 2018). Therefore, it has been suggested that, 




(Donner et al., 2005; Baird and Maynard, 2008; Donner, 2009), mass bleaching and mortality 
events could occur annually on the world’s coral reefs by 2050 (Nicholls et al., 2007; Van 
Hooidonk and Huber, 2009). In consequence of global warming, extreme events (e.g. tropical 
storms) are predicted to increase in severity and frequency, leading to a shorter time for 
recovery between recurrences (Emanuel, 2005; Elsner et al., 2006; IPCC, 2014) with the 
prospect that the extent to which coral reefs experience physical damage may increase (Hoegh-
Guldberg, 2011). 
 
Coral reef community maintenance, repopulation, and recovery after disturbance are highly 
dependent on both sexual and asexual reproductive processes (Connell and Keough, 1985; 
Glynn et al., 2017). The ratio of sexual and asexual recruitment is expected to change over the 
geographic range of a species, depending on the frequency of sexual recruitment, genet 
longevity (Coffroth and Lasker, 1998), and disturbance effects (e.g. ocean warming and tropical 
storms, Baums et al., 2006). Studies have shown that heat stress can negatively affect the 
fertilization success and embryonic development (Negri et al., 2007), spawning (Levitan et al., 
2014), survivorship and settlement of coral larvae (Randall and Szmant, 2009; Heyward and 
Negri, 2010), as well as post-settlement survival (Nozawa and Harrison, 2002, 2007). 
Therefore, the recurrent increases in SSTs will likely lead to the failure of sexual reproduction, 
being asexual propagation the most probable mean of recovery under current changes in 
climatic conditions. 
 
Tropical storms are favorable to the propagation and expansion of scleractinian corals of 
various morphologies by asexual reproduction of storm-generated fragments through the reefs 
(Highsmith, 1980, 1982; Highsmith et al., 1980; Tunnicliffe, 1981; Lirman, 2000; Foster et al., 
2007, 2013), which later re-attach to the substrate, growth, and form a new colony (Foster et 
al., 2007). Fragmentation is considered to be an adaptation to both favorable and unfavorable 
environmental conditions (Lirman, 2000; Honnay and Bossuyt, 2005). This asexual mode of 
reproduction allows coral species to persist disturbance when they cannot complete their sexual 
reproductive life cycle. Given the future projections of increase in tropical storms’ intensity and 





In a changing climate, ecosystems where foundation species are susceptible to the effects of 
elevated temperatures are thus vulnerable to major reorganization, being characterized by 
reduced habitat complexity and disrupted ecosystem services (Ellison et al., 2005; Hoegh-
Guldberg and Bruno, 2010). Nevertheless, not all reef-building corals have the same 
susceptibility to global warming. Recent approaches of assessing global warming impacts focus 
on quantifying exposure to climatic change, mostly disregarding the biological differences 
between species that significantly affect their vulnerability (Harley et al., 2006). The diversity 
of responses to environmental change among species contributing to the same ecosystem 
function (i.e. response diversity) is critical to resilience (Elmqvist et al., 2003). Response 
diversity is particularly important for ecosystem renewal and reorganization following 
disturbance, providing adaptive capacity in a world subjected to extreme climatic events. 
 
The urgent need to assess the quality of marine ecosystems led to the development of several 
monitoring tools (Devin et al., 2014). Changes in community structure and measures of 
chemical contamination are frequently used to indicate ecosystem health status (Dustan and 
Halas, 1987; Hughes, 1994; Viarengo et al., 2000; Chase et al., 2001). Nevertheless, these 
represent damage manifestations rather than prognostic indices (Knap et al., 2002). Changes at 
simplest levels of biological complexity (e.g. molecular, cellular), which trigger effects at 
complex biological levels (e.g. organisms) and for which causality can be recognized, may 
provide prior warning of ecosystem health deterioration (Lam, 2009; Marigómez et al., 2013). 
Biomarkers are an example of responses at simplest levels and have provided valuable 
mechanistic information to scientists. Nonetheless, the multi-biomarker approaches are 
generally hard to interpret, and produce results that are not easy to integrate in the 
environmental policies framework (Beliaeff and Burgeot, 2002). To fill this gap, integrative 
indices have been developed, and one of the most used is the Integrated Biomarker Response 
(IBR) (Beliaeff and Burgeot, 2002). The IBR is a method that provides both a graphical 
synthesis of the different biomarker responses and a numeric value that integrates all these 
responses at once. The IBR is the sum of the area defined by the k biomarkers arranged in a 






The integration of biomarkers in health indices may provide comprehensive information about 
the biological effects of environmental variables in marine organisms (Marigómez et al., 2013) 
and may thus serve as valuable tools for environmental managers (Broeg and Lehtonen, 2006; 
Madeira et al., 2018). This tool can be combined with morphological assessments to 
characterize the sub-lethal metabolic effects of general stressors in marine organisms. Madeira 
et al. (2018) defined and tested a holistic method for bio-monitoring based on a set of 
biomarkers in order to evaluate the effects of ocean warming in selected tropical fish, 
crustaceans, and gastropods. Nevertheless, no similar approach has been applied and tested in 
reef-building coral species. The definition of an adequate set of biomarkers may be crucial for 
more precise predictions of environmental health in tropical marine environments, which are 
urgently needed given the expected increases in SSTs and associated extreme events.  
 
Dias et al. (2018, 2019a) investigated the long-term partial mortality, growth rate, and oxidative 
stress on small fragments of nine Indo-Pacific reef-forming coral species exposed for 60 days 
to increasing temperatures (30 °C and 32 °C) and compared results with control temperature 
(26 °C), mimicking a post-storm scenario in a warming of tropical oceans context. These studies 
identified different susceptibility among coral species to conditions that are predicted to be 
more frequent in the future, influencing coral asexual reproduction via fragmentation. In Dias 
et al. (2018), partial mortality was assessed every 20 days of experiment, whereas growth rate 
was assessed on the last day of experiment. Furthermore, in Dias et al. (2019a), lipid 
peroxidation (LPO), catalase activity (CAT), and glutathione S-transferase (GST) were also 
assessed on the last day of experiment. The present study used the same experimental procedure 
and data obtained in Dias et al. (2018, 2019a), with the exception of SOD activity data that were 
not included in Dias et al. (2019a) and are presented here for the first time.  
 
The present study aims to test and optimize two different integrated biomarker approaches to 
be applied in the monitoring of the effects of heat stress generated by global climate change in 
the Indo-Pacific region. The two integrated biomarker approaches were divided in Approach A 
- biomarkers of oxidative stress response category: based on a set of four molecular biomarkers 
(GST, CAT, LPO, and SOD) and Approach B - integrated stress response category (organism 
performance): based on the combination of four molecular biomarkers, one biomarker at 




SOD, partial mortality, and growth rate, respectively). First, the two approaches were applied 
to small fragments of seven reef-building coral species of the Indo-Pacific region exposed to 
both control and two stress temperatures. Second, IBR index values were obtained for each 
species and temperature treatment combination within the two different approaches. Finally, 
the advantages and disadvantages of the two approaches were compared and discussed. 
 
6.2. Materials and methods 
 
6.2.1. Study species 
 
This study uses the same coral species used in Dias et al. (2018, 2019a). The coral species used 
are Acropora tenuis, Montipora capricornis brown morphotype (BM), Montipora capricornis 
green morphotype (GM), Echinopora lamellosa, Turbinaria reniformis, Galaxea fascicularis, 
and Psammocora contigua that present four different colony morphologies. The species 
Pocillopora damicornis and Stylophora pistillata were not included in this study since they died 
on both heat stress treatments (30 ºC and 32 ºC), preventing any comparison with control 
temperature (26 ºC). 
 
6.2.2. Experimental procedure 
 
This study uses the same experimental procedure used in Dias et al. (2018, 2019a). In brief, ten 
small replicate fragments were cut from each coral species’ colony. The live wet mass of each 
coral fragment was obtained by blotting it with a paper towel to remove excess seawater, then 
weighing it in air on an electronic balance to the nearest 0.01 g (Titlyanov et al., 2005). Each 
fragment was glued with epoxy putty to the top of a pre-weighed and numbered nylon 
expansion anchor, with the placement of the fragments according with their natural position in 
the habitat. Then, the set was weighed to remove the epoxy putty weight off the calculations 
and placed back over egg crate panels in the coral stock aquarium for one day before 




To determine the long-term response of the seven coral species to the effect of increased 
temperatures, the coral fragments were exposed to different treatments: (a) control temperature 
(26 °C) and (b) increased temperatures (30 ºC and 32 ºC) for 60 days. Coral fragments were 
acclimated at the rate of 1 °C.h-1. 
 
6.2.3. Analytical procedures 
 
6.2.3.1. Partial mortality assessment 
Partial mortality data were obtained from Dias et al. (2018), although in this study only the data 
relative to the 60th day were used. 
 
6.2.3.2. Growth rate measurements 
Growth data were obtained from Dias et al. (2018), although growth rate was calculated using 
a different formula in the present study. The growth rate formula herein is more common for 
describing relative growth rates of multicellular organisms. The relative growth rate (RGR), 
expressed as daily biomass increase, was calculated using the formula 6.1:  
 
𝑅𝐺𝑅 = [ln (𝑊𝑓/𝑊𝑖)] ⁄ [(𝑡𝑓 − 𝑡𝑖)]  × 100 
 
where Wi is the initial weight, Wf is the final weight and tf and ti is the time interval between 
the starting and end date (Marinho-Soriano et al., 2006). 
 
6.2.3.3. Samples collection and storage 
Samples collection and storage were the same of Dias et al. (2019a), however, the number of 




different from the one used in Dias et al. (2019a) and is given in Table SM6.1 of the 
supplementary material.  
 
6.2.4. Molecular biomarker assays 
 
All biomarker values were obtained from Dias et al. (2019a), except for SOD activity that was 
not calculated in the study. In Dias et al. (2019a), lipid peroxides assay (lipid peroxidation, 
LPO) was adapted from Uchiyama and Mihara (1978), catalase (CAT) activity was assessed 
according to Johansson and Borg (1988), and glutathione S-transferase (GST) activity was 
assessed according to Habig et al. (1974). All the molecular biomarker assays’ protocols were 
adapted for a 96-well microplate and the data were standardized by total protein, previously 
determined through the Bradford method (Bradford, 1976). Superoxide dismutase (SOD) 
activity (EC1.15.1.1) was assessed by using nitroblue tetrazolium (NBT) and xanthine oxidase 
(XOD) according to Sun et al. (1988). After reading the absorbance at 560 nm, SOD activity 
was calculated using the following equation for the % inhibition, formula 6.2: 
 
((Abs₅₆₀/ min negative control − Abs ₅₆₀/ min sample) (Abs₅₆₀/ min negative control)) x 100 ⁄  
 
6.2.5. Data analysis 
 
Only the individual coral fragments used in molecular biomarkers analysis per coral species 
and temperature treatment were used in data analysis (Table SM6.1 of the supplementary 
material). In order to integrate all results from different biomarkers (molecular, physiological, 
and organism levels), the integrated biomarker response (IBR) was calculated. The IBR, a 
simple multivariate graphic method – star plot – was calculated according to Beliaeff and 
Burgeot (2002) to allow visual integration of a set of early warning responses measured with 
biomarkers. To calculate the IBR for biomarkers, the general mean (m) and the standard 
deviation (s) of all data regarding a given biomarker were calculated, followed by a 




the biomarker at a given species and temperature treatment interaction. Then Z was calculated 
using Z = -Y or Z = Y, in the case of a biological effect corresponding to inhibition or activation, 
respectively. Concerning the biological effect considered for each parameter, growth rate was 
assumed to decrease upon temperature increase. In a similar way, the biomarkers of oxidative 
stress (GST, CAT, LPO, SOD) and partial mortality were always assumed to increase with the 
exposure to high temperatures. The score (S) was calculated by S = Z+|Min|, where S ≥ 0 and 
|Min| is the absolute value for the minimum value for all calculated Y in a given biomarker. 
Note that in the cases where –Y is applied the minimum also changes, as all the distribution 
does. Star plots were then used to display Score results (S) and to calculate the IBR as follows, 
formula 6.3:  
 





 sin β (Si cos β + Si+1 sin β) 
and 
β = tan-1 (
Si+1 sin(α)
Si-Si+1 cos(α)
) ,  
 
and where Si and Si+1 are two consecutive clockwise scores (radius coordinates) of a given star 
plot; Ai corresponds to the area connecting two scores; n the number of biomarkers used for 
calculations; and α = 2п/n. The IBR is obtained by summing up all the Ai. The IBR calculations 
were always performed with the same order of parameters for all species and temperature 
interactions: the molecular biomarkers GST, CAT, LPO and SOD, followed by partial mortality 
and growth rate. 
 
Biomarkers were divided in two stress response categories: 
i) Approach A - Biomarkers of oxidative stress response category: based on a set of four 




response category (organism performance): based on the combination of four molecular 
biomarkers, one biomarker at organism level, and one biomarker at physiological level (GST, 
CAT, LPO, SOD, partial mortality, and growth rate, respectively) - for the index calculations. 
To evaluate patterns in the biomarker variations, the variables were standardized (to each 
sample value the mean was subtracted and then divided by the standard deviation of all samples) 
and analyzed using a Principal Component Analysis (PCA) (Madeira et al., 2017) supported 
with a Group Linkage Cluster Analysis using Primer 6 from Primer-E Ltd.  
 
The Sensibility (S) of coral species to heat stress, expressed as %, was calculated as S = ((IBR2 
– IBR1)/IBR1) × 100 (formula 6.4); where IBR2 is the value of IBR at the testing temperatures 
conditions (i.e. 30 ºC or 32 ºC) and IBR1 is the value of IBR in the control treatment (26 °C).  
 
Additionally, we also analyzed biomarker scores as a fitness index (E), calculated as E = (S1-
S2) (Ferreira et al., 2015), where E denotes effect and S1 and S2 stand for two different 
treatments. E was calculated for all possible combinations where S1 always corresponded to a 
lower temperature treatment than S2. Values that differed in 0.5 points from the control score 
were considered to be from an animal with a higher or lower fitness (higher or lower scores, 




6.3.1. IBR approach A - biomarkers of oxidative stress response category 
 
The first two principal components of all PCAs had a cumulative explained variance of at least 
79% (Table 6.1). According to the PCA and cluster analysis results, all coral species presented 
a clear separation between the temperature groups (Fig. 6.1b-g), with the exception of A. tenuis 
(Fig. 6.1a). In the case of M. capricornis (BM) fragments, the groups 26 ºC and 30 ºC are well 
individualized along the PC1 with a strong relation with the variable CAT, being its highest 




the groups 26 ºC and 30 ºC are well individualized along the PC1 with a strong relation with 
the variables GST and SOD, being their highest values related with the 30 ºC group (Fig. 6.1c, 
Table 6.1). In E. lamellosa the groups 26 ºC and 30 ºC are well individualized along the PC1 
with a strong relation with the variables CAT, LPO, and SOD, being their highest values related 
with the 30 ºC group (Fig. 6.1d, Table 6.1). In T. reniformis fragments, the groups 26 ºC and 
30 ºC are well individualized along the PC1 with a strong relation with the variables GST, CAT, 
and LPO, being their highest values related with the 26 ºC group (Fig. 6.1e, Table 6.1), on the 
other hand, the group 32 ºC is well individualized from both 26 ºC and 30 ºC groups along the 
PC2 with a strong relation with the variable SOD, being its highest values related with the 32 
ºC group (Fig. 6.1e, Table 6.1). In the case of Galaxea fascicularis fragments, the group 26 ºC 
is well individualized from both 30 ºC and 32 ºC groups along PC2 with a strong relation with 
the variable GST, being its highest values related with both 30 ºC and 32 ºC groups (Fig. 6.1f, 
Table 6.1), on the other hand, the groups 30 ºC and 32 ºC are well individualized along the PC1 
with a strong relation with the variables LPO and SOD, being their highest values related with 
the 32 ºC group (Fig. 6.1f, Table 6.1); the groups 26 ºC and 32 ºC are also well individualized 
along the PC1 with a strong relation with the variables LPO and SOD, being their highest values 
related with the 32 ºC group (Fig. 6.1f, Table 6.1). In P. contigua the group 26 ºC is well 
individualized from both 30 ºC and 32 ºC groups along the PC1 with a strong relation with the 
variables GST and CAT, being their highest values related with the 26 ºC group (Fig. 6.1g, 
Table 6.1), on the other hand, the groups 30 ºC and 32 ºC are well individualized along the PC2 
with a strong relation with the variable SOD, being its highest values related with the 32 ºC 
group (Fig. 6.1g, Table 6.1); the groups 26 ºC and 32 ºC also are well individualized along PC2 
with a strong relation with the variable SOD, being its highest values related with the 32 ºC 







Table 6.1. Principal components analysis results of the four biomarkers of oxidative stress (GST – glutathione S-transferase; CAT – catalase; LPO – lipid peroxidation, SOD – superoxide 
dismutase) in the seven Indo-Pacific coral species. PC1 and PC2 stands for axes 1 and 2 of the PCA, respectively, and the values indicated for the variables are the factor loadings for PC1 and 
PC2. 
 
  A. tenuis M.capricornis (BM) M. capricornis (GM) E. lamellosa T. reniformis G. fascicularis P. contigua 
Parameter PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 
Eigenvalues 2.33 0.98 3.48 0.39 2.62 1.07 3.21 0.51 2.60 0.74 1.92 1.25 2.30 0.98 
Explained variance (%) 58.4 24.4 87.0 9.8 65.4 26.6 80.1 12.8 65.1 18.6 47.9 31.3 57.4 24.5 
                              
Variables                             
GST -0.622 -0.108 -0.498 0.441 0.588 0.127 -0.455 -0.752 -0.527 0.215 0.228 -0.727 0.583 0.155 
CAT 0.473 -0.141 -0.524 -0.272 0.496 -0.453 -0.523 0.418 -0.526 -0.001 0.461 -0.449 0.573 -0.330 
LPO -0.264 0.893 -0.495 0.512 0.226 0.879 -0.506 0.462 -0.537 0.437 -0.547 -0.496 0.493 -0.328 





Figure 6.1. Ordination plot of the first two axes of the principal components analysis carried out to assess the effect of the three temperature treatments in the biomarkers of oxidative stress 
response in seven coral species of the Indo-Pacific region. Variable’s factor loadings are represented in blue and relative to GST - glutathione S-transferase; CAT – catalase; LPO – lipid 








In general, IBR values increased with increase in temperature (Fig. 6.2a-d and f). Exceptions 
to this pattern were Turbinaria reniformis, that presented a decrease of IBR values from 26 °C 
to 30 °C, but an increase in IBR values from 30 °C to 32 °C (Fig. 6.2e), and Psammocora 
contigua that presented a decrease of IBR values with increase in temperature (Fig. 6.2g). 
Regarding the sensibility of the coral species to heat stress, the species M. capricornis (BM) 
was the most sensitive species at 30 °C and G. fascicularis was the most sensitive species at 32 
°C (Table 6.2). 
 
Table 6.2. Sensibility of the seven Indo-Pacific coral species to heat stress calculated as rate of IBR variation and expressed as 
%. Negative percentages correspond to IBR values decrease with increase in temperature. NA – not available due to complete 
mortality at 32 °C. 
  





E. lamellosa T. reniformis G. fascicularis P. contigua 
Approach A 
30-26 125 142798 335 370 -92 55 -72 
32-26 NA NA NA NA 7 249 -67 
Approach B 
30-26 1209 3377 1053 233 -24 138 -52 
32-26 NA NA NA NA 94 147 -51 
 
 
Regarding the magnitude of differences between temperature treatments, the most responsive 
biomarkers to elevated temperature were GST, CAT, SOD (especially in M. capricornis (BM) 
and E. lamellosa, Fig. 6.2b and d) and LPO (E. lamellosa and G. fascicularis, Fig. 6.2d and f). 
This IBR approach proved inadequate as an environmental health index for most of the coral 
species. The inadequacy of this approach is given to the absence of relation between the 
magnitude of increase in IBR values with heat stress and both the biomarker at organism level 
(partial mortality) and the biomarker at physiological level (growth rate). This index based on 
four biomarkers of oxidative stress only proved adequate in M. capricornis (BM) and M. 









Figure 6.2. Star plots with mean scores for the seven coral species exposed to 26 °C (control) and both 30 ºC and 32 °C (stress temperatures). GST – glutathione S-transferase; CAT – catalase; 




6.3.2. IBR approach B - integrative stress response category (organism performance) 
 
The first two principal components of all PCAs had a cumulative explained variance of at least 
64% (Table 6.3). According to the PCA and cluster analysis results, all coral species presented 
a clear separation between the temperature groups (Fig. 6.3a-g). In the case of A. tenuis, the 
groups 26 ºC and 30 ºC are well individualized along the PC2 with a strong relation with the 
variable LPO, being its highest values related with the 26 ºC group (Fig. 6.3a, Table 6.3). In M. 
capricornis (BM) fragments, the groups 26 ºC and 30 ºC are well individualized along the PC1 
and the variables most related with this differentiation were GST, CAT, and LPO, being their 
highest values related with the 30 ºC group. (Fig. 6.3b, Table 6.3). In M. capricornis (GM), the 
groups 26 ºC and 30 ºC are well individualized along the PC1 and the variables most related 
with this differentiation were GST, SOD, and growth rate, being their highest values related 
with the 30 ºC group (Fig. 6.3c, Table 6.3). Relative to E. lamellosa, the groups 26 ºC and 30 
ºC are well individualized along the PC1 and the variables most related with this differentiation 
were CAT, LPO, and SOD, being their highest values related with the 30 ºC group (Fig. 6.3d, 
Table 6.3). In T. reniformis, the groups 26 ºC and 30 ºC are well individualized along the PC1 
with a strong relation with the variable GST, being its highest values related with the 26 ºC 
group (Fig. 6.3e, Table 6.3), on the other hand, the group 32 ºC is well individualized from both 
26 ºC and 30 ºC groups along the PC2 with a strong relation with the variables SOD and partial 
mortality, being their highest values related with the 32 ºC group (Fig. 6.3e, Table 6.3). In G. 
fascicularis, the group 32 ºC is well individualized from both 26 ºC and 30 ºC groups, but with 
a more restricted cut the groups 26 ºC and 30 ºC were also individualized (Fig. 6.3f, Table 6.3). 
The group 26 ºC is well individualized from both 30 ºC and 32 ºC groups along the PC2 with a 
strong relation with the variables GST and LPO, being their highest values related with both 30 
ºC and 32 ºC groups (Fig. 6.3f, Table 6.3), on the other hand, the groups 30 ºC and 32 ºC are 
well individualized along the PC1 with a strong relation with the variables LPO and SOD, being 




Table 6.3. Principal components analysis results of the six biomarkers relative to organism performance (GST – glutathione S-transferase; CAT – catalase; LPO – lipid peroxidation, SOD – 
superoxide dismutase, PM – partial mortality, GR – growth rate) in the seven Indo-Pacific coral species. PC1 and PC2 stands for axes 1 and 2 of the PCA, respectively, and the values indicated 
for the variables are the factor loadings for PC1 and PC2. NA – parameter with value = 0 in the three temperature treatments. 
 
  A. tenuis M.capricornis (BM) M. capricornis (GM) E. lamellosa T. reniformis G. fascicularis P. contigua 
Parameter PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 
Eigenvalues 2.44 2.09 4.11 1.12 4.07 1.11 3.95 0.77 2.90 1.28 1.95 1.25 3.46 1.06 
Explained variance (%) 40.7 34.8 68.5 18.6 67.9 18.6 65.9 12.8 48.4 21.3 39.1 25.0 57.7 17.7 
                              
Variables                             
GST -0.555 0.277 0.468 0.128 -0.468 -0.195 0.389 0.273 0.510 -0.030 -0.213 0.720 -0.449 -0.298 
CAT 0.414 -0.230 0.475 -0.092 -0.390 0.337 0.452 -0.016 0.492 -0.126 -0.472 0.451 -0.508 0.191 
LPO 0.044 0.642 0.456 -0.028 -0.134 -0.891 0.454 -0.086 0.499 -0.058 0.537 0.501 -0.378 0.136 
SOD -0.554 0.150 0.424 -0.231 -0.480 -0.017 0.469 0.126 0.293 -0.652 0.635 0.163 -0.160 -0.898 
PM -0.316 -0.466 0.036 -0.908 -0.383 0.234 -0.298 0.868 -0.267 -0.576 NA NA -0.366 0.076 






Figure 6.3. Ordination plot of the first two axes of the principal components analysis carried out to assess the effect of the three temperature treatments in the biomarkers of oxidative stress, partial 
mortality and growth rate response in seven coral species of the Indo-Pacific region. Variable’s factor loadings are represented in blue and relative to GST - glutathione S-transferase; CAT – 





In P. contigua, the group 26 ºC is well individualized from both 30 ºC and 32 ºC groups, but 
with a more restricted cut it was also possible to individualize these last two groups. The group 
26 ºC is well individualized from both 30 ºC and 32 ºC groups along the PC1 with a strong 
relation with the variable CAT, being their highest values related with the 26 ºC group (Fig. 
6.3g, Table 6.3), on the other hand, the groups 30 ºC and 32 ºC are well individualized along 
the PC2 with a strong relation with the variable SOD, being its highest values related with the 
32 ºC group (Fig. 6.3g, Table 6.3). 
 
Star plots and index values show that increased temperature did not affect equally all tested 
species (Fig. 6.4). Montipora capricornis (BM) was the most sensitive species at 30 °C and G. 
fascicularis was the most sensitive species at 32 °C (Table 6.2).  
 
The most responsive biomarkers according with the coral species were partial mortality and 
growth rate in A. tenuis; GST and SOD in M. capricornis (BM); partial mortality and growth 
rate in M. capricornis (GM); CAT and LPO in E. lamellosa; growth rate in T. reniformis; LPO 
in G. fascicularis; growth rate in P. contigua. The markers least influenced by increased 
temperature were CAT (A. tenuis, M. capricornis (GM), and T. reniformis), partial mortality 
(M. capricornis (BM), E. lamellosa, and G. fascicularis), LPO (M. capricornis (BM), M. 






Figure 6.4. Star plots with mean scores for the seven coral species exposed to 26 °C (control) and both 30 ºC and 32 °C (stress temperatures). GST – glutathione S-transferase; CAT – catalase; 




6.3.3. Fitness index 
 
Results showed that biomarkers consistently scoring higher at both 32 ºC and 30 °C than at 26 
°C were also the ones indicating deleterious effects (E ≤ −0.5, in red in Table 6.4), namely SOD 
and growth rate. Biomarkers scoring higher at 32 °C than at 26 °C include growth rate, whereas 
the ones scoring higher at 32 °C than at 30 °C include SOD. In contrast, biomarkers indicating 
fluctuating effects in fitness in the long-term exposure to increased temperature were LPO and 
CAT for most species (Table 6.4). 
 
In general, a decrease or maintenance in the fitness index (red filled boxes and yellow filled 
boxes, respectively) was observed with increase in temperature for most coral species and 
biomarkers. The species E. lamellosa and T. reniformis presented an increase in the fitness 
index (green filled boxes) in one biomarker from 26 °C to 30 °C. The E. lamellosa fragments 
presented it in partial mortality, whereas the fragments of T. reniformis presented it in GST 
(Table 6.4). The fragments of P. contigua presented an increase in the fitness index in partial 
mortality from 26 °C to 30 °C and from 26 °C to 32 °C. The most responsive biomarkers were 
growth rate and SOD, showing greater deleterious effects in the fitness index results (Table 
6.4). All biomarkers were affected by temperature, with the exception of LPO (Table 6.5). The 




Table 6.4. Fitness index presented as a color hitmap: IBR scores were compared for biomarkers between control organisms and those exposed to both 30 °C and 32 °C. Red boxes denote 
deleterious effects, green denotes positive effects, whereas yellow denotes no detected effect; values are ± 0.5 (or higher) from control's score values. GST – glutathione S-transferase; CAT – 
catalase; LPO – lipid peroxidation; SOD – superoxide dismutase; PM – partial mortality; GR – growth rate. NA – not available due to total mortality 
  GST CAT LPO SOD PM GR 
Species/T (°C) 26-30 26-32 30-32 26-30 26-32 30-32 26-30 26-32 30-32 26-30 26-32 30-32 26-30 26-32 30-32 26-30 26-32 30-32 
A. tenuis -0.148 NA NA 0.000 NA NA 0.070 NA NA -0.424 NA NA -2.249 NA NA -1.528 NA NA 
M. capricornis (BM) -2.271 NA NA -1.128 NA NA -0.383 NA NA -3.883 NA NA -0.125 NA NA -1.037 NA NA 
M. capricornis (GM) -0.851 NA NA -0.413 NA NA -0.249 NA NA -0.680 NA NA -2.249 NA NA -1.180 NA NA 
E. lamellosa -1.681 NA NA -2.846 NA NA -2.307 NA NA -1.056 NA NA 0.750 NA NA -1.006 NA NA 
T. reniformis 0.697 0.303 -0.394 0.261 0.074 -0.187 0.037 0.011 -0.026 0.363 -0.416 -0.779 -0.375 -0.750 -0.375 -1.271 -1.538 -0.267 
G. fascicularis -0.750 -0.399 0.351 -0.176 -0.034 0.141 -0.054 -1.413 -1.358 0.342 -0.191 -0.533 0.000 0.000 0.000 -0.083 -0.040 0.042 




Table 6.5. Biomarker scores (mean) for all species at different combinations of temperatures. GST – glutathione S-transferase; CAT – catalase; LPO – lipid peroxidation; SOD – superoxide 
dismutase; PM – partial mortality; GR – growth rate. 
T(°C)/Biomarker GST CAT LPO SOD PM GR 
26-30 -0.669 -0.585 -0.394 -0.740 -0.527 -1.128 
26-32 0.076 0.099 -0.408 -0.214 -0.062 -1.191 






6.4. Discussion and conclusions 
 
In this study, an integrated approach was used for health assessment of reef corals under thermal 
stress by exposing small fragments of seven common and widely distributed corals species of 
the Indo-Pacific oceans (Veron, 1990) to both control and two stress temperatures. Our results 
showed that an increase of 6 ºC in SSTs will lead to deleterious effects at all levels of biological 
organization for most of the species tested in this study. The health status of indicator species 
within ecosystems can be successfully assessed through multivariate biomarker approaches 
involving multiple biological and physiological measurements as previously stated by Hook et 
al. (2014).  Therefore, we tested this methodology in coral reefs, and two comparative different 
approaches were applied: the first containing just the molecular biomarkers (approach A), 
whereas the second one contained the molecular biomarkers, one biomarker at organismic level, 
and one biomarker at physiological level (approach B). The chosen molecular biomarkers, 
glutathione S-transferase (GST), superoxide dismutase (SOD), catalase (CAT), and lipid 
peroxidation (LPO), were previously used in studies evaluating the effect of heat stress in reef-
building coral species (Downs et al., 2000; Dias et al., 2019a,b). Also, growth rate, one of the 
physiological responses of an organism, has been widely used in marine invertebrates, e.g. 
bivalves (Widdows et al., 1982) and gastropods (Wo et al., 1999), to provide a measure of 
environmental quality. Overall, both IBR approaches suggest that index values were 
significantly affected by temperature and coral species. These results confirm the adequacy of 
using IBR indices in monitor physiological responses in populations of tropical reef-building 
corals that might be induced by heat stress events. In general, most of the tested coral species 
presented a clear separation between temperature treatments, with increase in both biomarkers 
of oxidative stress and partial mortality values and a decrease in growth rate values with 
increase in temperature. The increase in antioxidant enzyme activity observed in most of the 
coral species is expected since increase in temperature leads to increase in metabolic rates and 
consequent reactive oxygen species (ROS) overproduction, in order to counteract ROS negative 
effects, cells use a vast number of antioxidant enzymes that convert ROS into less harmful 
oxygen forms. Superoxide dismutase and CAT provide the first line of defense against O2
•- and 
H2O2, respectively, whereas GST provides the second line of defense against ROS (Hayes and 
McLellan, 1999). The increase in LPO levels is also expected since antioxidant pathways can 
be overwhelmed during extreme temperature stress (Weis, 2008), and even when induction of 




membrane lipids (Palmer et al., 2009). The decrease in growth rate with increase in temperature 
is expected since that deviations in temperature of only a few degrees from the optimum 
temperature lead to growth rate reduction (Berkelmans and Willis, 1999). The increase in partial 
mortality is given to acute stress, it may have resulted from the overwhelming of antioxidant 
pathways during heat stress, which may have caused localized tissue mortality (Lam, 2009). 
This response can be observed in the fitness index where most of corals presented a decrease 
or maintenance of the index.  
 
Different coral species presented different response to heat stress at molecular, physiological, 
and organismic level. As observed in other studies, coral species differed in their cellular 
physiology and the strategies applied to diminish oxidative stress (Dias et al., 2019a,b), and in 
both growth rate and partial mortality according to their inherent traits (Dias et al., 2018, 
2019c). For instance, T. reniformis, E. lamellosa, and P. contigua were the only species 
presenting increase in the fitness index in one of the biomarkers with increase in temperature.  
 
The biomarkers growth rate and SOD were the most responsive showing greater deleterious 
effects in the fitness index, whereas LPO remained non-responsive to temperature increase. The 
increase in SOD activity may be related with this antioxidant enzyme be the first one involved 
in ROS scavenging (Lesser, 2012). On the other hand, growth rate is a physiological response 
that takes time to be perceptible (Morgan et al., 2001). Nevertheless, given that our experiment 
had the duration of 60 days, there was enough time for the observation of changes in growth 
rate. Regarding LPO non-response, it may have been that the increase in antioxidant enzyme 
activity was sufficient to prevent cellular damage in most of the tested species. 
 
Most coral species presented an increase in IBR values with temperature, expected due to stress 
increase with temperature (Madeira et al., 2018). There were species where the two approaches 
were adequate (M. capricornis (both morphotypes)) and other species where the approach A 
was inadequate and the approach B was adequate (A. tenuis, T. reniformis, E. lamellosa, G. 
fascicularis, and P. contigua). According with the results obtained from the tested species, the 
approach B was the most adequate since it better reflected the stress suffered by the tested 




the approach B, this is, the set of four molecular biomarkers (approach A) was not enough to 
explain the response of most of the tested species to thermal stress conditions. 
 
In spite of some limitations, IBRs may be an effective method to be applied in the health 
assessment of reef corals under thermal stress. Biomarkers at molecular levels (e.g. SOD, CAT, 
GST, and LPO) tend to be more repeatable and predictable and are much more sensitive for 
identifying organism stress than whole animal responses (Smit et al., 2009), but their capability 
to predict significant biological effects is limited (Bartell, 2006). On the other hand, biomarkers 
at the physiological level (e.g. growth rate) and organismic level (e.g. partial mortality), 
although slower to respond and more difficult to detect, provide ‘‘integrated’’ measures of an 
organism’s well-being based on a range of different functional attributes and are often more 
ecologically relevant. Therefore, the incorporation of biomarkers of different levels of 
biological organization provides advantages over the application of single-marker approaches. 
The approach A did not express well what we could assess visually, however, this approach can 
be a more sensible indication of sub-lethal stress at the molecular level. The approach B is easy 
to interpret, however, growth rate is a factor that takes longer to react than the biomarkers of 
oxidative stress. Partial mortality is a sign of extreme stress, leading to the death of the organism 
unless acclimation is achieved or there is enough growth to surpass the loss of tissue (Guest et 
al., 2011). Thus, approach B is a more generalist approach, gathering different levels of 
biological complexity. Based on the obtained results, the use of integrated indices describing 
heat-induced stress as management and research tools is considered a useful approach. 
 
Still, when applying the IBR index in field populations, it is imperative to assure a careful and 
adequate selection of biomarkers (Broeg and Lehtonen, 2006). The set of biomarkers used in 
the present study proved to be adequate for reef-building corals as this set had already 
responded to heat stress in Dias et al. (2019a,b). Also, ensuring that the targeted colonies are 
not exposed to other possible stress factors would be favored (Broeg and Lehtonen, 2006). It is 
also important to have in mind that these biomarkers are also known for responding to other 
stress factors beyond those associated with global warming, that is the case of xenobiotics 
(Downs et al., 2006; Rotchell and Ostrander, 2011), salinity (Dias et al., 2019b,c), allelopathy 
(Chadwick and Morrow, 2011; Morrow et al., 2012), and excess of solar radiation in 




to assess the reef corals’ health when exposed to other factors beyond heat stress, being required 
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6.6. Supplementary material 
 
Table SM6.1. Number of coral species fragments (n) used in each oxidative stress biomarker analysis (LPO – lipid 
peroxidation; SOD – superoxide dismutase; CAT – catalase; GST- glutathione S-transferase) per temperature treatment. 
  Treatments 
  26 °C 30 °C 32 °C 
Species LPO SOD CAT GST LPO SOD CAT GST LPO SOD CAT GST 
Acropora tenuis 5 5 5 5 5 5 5 5 0 0 0 0 
Montipora capricornis (BM) 5 5 5 5 6 6 6 6 0 0 0 0 
Montipora capricornis (GM) 5 5 5 5 5 5 5 5 0 0 0 0 
Echinopora lamellosa 6 6 6 6 5 5 5 5 0 0 0 0 
Turbinaria reniformis 5 5 5 5 5 5 5 5 5 5 5 5 
Galaxea fascicularis 5 5 5 5 5 5 5 5 5 5 5 5 












































































































7.1. Concluding remarks 
 
The present work contributed to the assessment of the vulnerability to heat and hyposaline 
stressors in nine reef-building coral species of the Indo-Pacific region. Such assessment was 
innovative due to the use of an important number of reef-building coral species, the prolonged 
duration of the experimental treatments, and the integration of parameters at different levels of 
biological organization for health status evaluation. This work also contributed to the 
development of two different integrated biomarker approaches to be applied in the monitoring 
of the effects of heat stress in reef corals of the Indo-Pacific region, with the novelty of the 
combination of different levels of biological organization in the second approach. 
The experimental work indicated that heat stress affected more severely branching coral species 
than plate, incrusting, and massive species. Mortality increased with temperature, reaching 
100% for most species after 60 days, at 32 °C, except for Turbinaria reniformis, Galaxea 
fascicularis, and Psammocora contigua. These same species also showed the lowest partial 
mortality and bleaching throughout the experimental temperature treatments. Regarding T. 
reniformis and P. contigua, no evidence of oxidative damage was observed at 32 °C, although 
both species presented a pale appearance. Galaxea fascicularis was the only of the three species 
where bleached fragments and oxidative damage were observed, although also presenting some 
apparently healthy fragments at 32 °C. Growth rate decreased with increase in temperature, 
being highest in branching species. Regeneration rates of lesions generally increased with 
temperature. It was concluded that T. reniformis, G. fascicularis, and P. contigua were the most 
tolerant to heat stress (Chapters 2 and 4). At 30 °C-33 psu (high temperature treatment) only 
two species died (Pocillopora damicornis and Stylophora pistillata), while at 26 °C-20 psu (low 
salinity treatment) all species died with the exception of two (P. contigua and G. fascicularis). 
These last two species presented the lowest partial mortality, the best coral condition, and no 
oxidative damage, but there was an antioxidant response. High temperature affected the 
condition of the tested species to a lower degree than did low salinity, with coral condition 
severely affected in all species in the low salinity treatment. Mortality was highest at 30 °C-20 
psu due to the combined effects of high temperature and low salinity on the mortality rate, 
reaching 100% for eight out of the nine species, with only G. fascicularis surviving to this 
experimental treatment. Nevertheless, mortality was high for this species, an increase in SOD 
activity revealed an antioxidant response, however oxidative damage was not detected. Growth 




increased with temperature, reaching a maximum at 30 °C-33 psu and a minimum at 20 psu. It 
was concluded that P. damicornis and S. pistillata were the species most vulnerable to high 
temperature, G. fascicularis and P. contigua were the most tolerant to hyposaline stress, and G. 
fascicularis was the only species that withstood the combined effects of high temperature and 
low salinity (Chapters 3 and 5). In chapter 6, results indicate that IBR may be an effective 
method to be applied in the health assessment of reef corals under thermal stress. It was 
observed that approaches based in parameters of different levels of biological organization give 
a more precise idea of the impact of heat stress on the tested coral species and thus may be 
chosen over approaches based in parameters of only one level of biological organization. 
 
In summary, this thesis main conclusions were: 
➢ Different reef-building coral species present different susceptibility to both heat and 
hyposaline stressors, these differences may be related with their inherent traits including 
colony morphology. 
➢ Response of coral species was different according to the environmental stressor at which 
the tested species were exposed, with hyposaline stress affecting coral species condition 
in a much more severe degree than heat stress; 
➢ Only a few of the tested species could withstand long-term exposure to heat and hy-
posaline stressors, three species survived to heat stress, two species survived hyposaline 
stress and only one species survived the combined effect of heat and hyposaline stress-
ors. In general, branching coral species were most susceptible and massive species were 
the most tolerant to both stressors, with the exception of the branching species Psam-
mocora contigua that presented an exceptionally high tolerance to both heat and hy-
posaline stressors when exposed to these stressors one at the time; 
➢ Only a few number of the tested species are likely to survive the large-scale effects of 
warming in tropical oceans and even a fewer number of species will withstand the syn-
ergistic effects of high temperature and low salinity in near-shore areas (without genetic 
adaptation or other processes not tested here);  
➢ Asexual reproduction by fragmentation is likely to be negatively affected by the higher 





➢ In areas affected by episodic, yet prolonged, low salinity, asexual reproduction by frag-
mentation is likely to be severely compromised, especially if temperatures are also high 
during those periods; 
➢ The use of integrated biomarker response (IBR) indices describing heat-induced stress 
as management and research tools was considered a useful approach. Nevertheless, 
when using IBR as index, the combined use of biomarkers at molecular, physiological, 
and organism levels is advised since together they perform a more precise assessment 
of the coral condition.  
 
7.2. Future perspectives 
 
Most of the studies assessing climate change effects on reef-building corals are based in a low 
number of species and mainly investigate the effects of heat stress. Nevertheless, other 
environmental variables will be affected by global climate change (e.g. salinity, turbidity, 
contamination by pollutants and pollutants mixtures, contamination by macro and 
microplastics) and thus their effects must also be assessed in future studies. More studies 
simultaneously evaluating several coral species, like the present study, are also desirable since 
they allow a direct comparison among different species’ susceptibility when exposed to the 
same environmental conditions. It would also be very important to investigate cyclic conditions 
(e.g. cyclic temperatures and salinities that mimic tides), given that most studies, the present 
one included, focus only on static conditions, the application of cyclic conditions that mimic 
the ones found in their natural environment would allow a more adequate extrapolation of the 
laboratory results to their natural habitat. 
Also crucial, will be to evaluate corals of the same species but from different locations, to 
investigate variability in environmental tolerance to present and future conditions. Stress 
history of the corals (background climate conditions) affect coral species’ susceptibility to 
stressors since coral species are adapted to the environmental conditions in which they grow. 
Therefore, changes in environmental conditions affect coral species of different geographical 
locations in a different magnitude. This evaluation may allow translocation of tolerant colonies 





A proper management of local stressors associated with anthropogenic disturbances (e.g. 
pollution, dredging, and overexploitation) may improve the prospects for coral recovery. 
Although marine reserves or no take areas may not increase ecosystem resistance to global 
climate change, these areas can help to accelerate recovery and successfully act as a genetic 
diversity source, by preserving sensitive and specialized species that cannot persist in disturbed 
and altered environments. Nevertheless, in order to accomplish this goal, no take areas need to 
be implemented in locations that could function as refuges to global climate change impacts. 
There are still some natural refuges (e.g. deeper reefs and colder waters). These refuges could 
function as source reefs, helping the repopulation of damaged reefs through larval supply. Also, 
species that resist extreme climate events can have traits that support a general ability to cope 
or adapt to new environmental conditions. Thus, a better understanding of reef-building corals 
inherent traits that make them naturally tolerant to disturbances might lead to innovative 
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